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PliEFACE • 


Among iliu rank and file of tlio uloctricity su^iply i(iduHtry 
there may be obaepVed a tendency to regard the rotary 
converter as a rather mysterious machine, of not quite 
^:h» same order as the c.c. or a.c. generator. This attitude 
is encouraged by a statement such as “ rotary coiivcrters 
embrace theoretical principles (juite difCercjit from, and 
2jejiiaj)s more dilhcult to comprehcjid than, those a|)[)lying 
to simple alternators and dynamos,” which has been made 
by one 'iiuthor. 

Tile jDreseut writer ventures to assert that, on the con- 
trary, it is only by means of a thorough grasj) of the 
principles of operation of the c.c. generator and its near 
relative, the alternator with a la]) winding, that the rotary 
converter can be understood. In the book now placed 
before the reader the Bubje(5t is considered first of all us 
c.c. machine, then as^- alternhtor, and finally as rotary 
converter. 

In order to give the book as wide an a^jpeal as ])ossib]c 
the treatment throughout is non-math ematical. Jly 
adopting this form it is hoped to be of assistance to men of 
all grades who have to do witli the running of rotary con- 
verters, anti who desire a closer accpiaintairce with the 
principles involved in their operation. In working on these 
lines, much of what is given is in the form -of tlirect 
statement, without any jnoof of correctness being given ; 
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this mm iiiiavoitla’blo within tho limits of troatmont laid 
down. No }>articularB have been given of the construc- 
tion of the machinea or accosBorios, bucIi as Bwitcli-goar, 
etc., excepting wlicro such information is essential to a 
pro])cr niulcratanding of the worldug of these. 

In dealing with the o])erationB of starting and parallel- 
ing, tho aim has been to display as clearly as possible the 
principles on which tho different methods depend, rather 
than to describe tho practice employed by this, that, or 
tho other maker, and the diagrams used in this section have 
been specially prepared with that end in view. Complete 
(.liagrams of connections, while no doubt very imposing 
in appearance, are of little use, and are seldom worth ^e 
trouble of tracing out in detail. Moreover, they seem to 
have a knack of always dlifering in some respect froin the 
installation one is particularly interested in, even wlieu 
ostensibly repiresenting a similar lay-out. The keen 
student will derive more benefit from tracing out his own 
job and making his own diagrams ; in the process acquiring 
an intimacy with it whicli is inif)OHsible from the study of 
the same diagram ready made. 

The information given on failure to ayiichronise and 
reversal of polaiiby may hr. eonsidered in some quarters 
as uimeciussai'y, yet it can be very usidul at 1inu>s. Tlie 
operations described for correcting tluise. irn*.gu]arit.ies have 
aUbecn taken from actual practic.e, but should, nevertheless, 
not be atteinj)ted unless the. p]’i^lci])h^ underlying t.he.ni is 
thoroughly imderstood. Anyt.liing in t.he nat-un^ of 
merely learning the juotioiiH by rote from tlie l)()olc is 
strongly to b(j d(5prueat(«1. in this c.oiiiu^etion also, it is 
realised that; the seup)e allowed for the exercise of initiative 
in these matters, on the p)art of operators and attendant, 
varies widely in (lillerent undertakings. 

Tho last chapter in the book deals with the motor 
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converter, a macliinc whicli in some points resembling, 
yet in otters differing from, the rotary converter, is 
perhaps less easily understood. In this chapter it has 
been found convenient to demonstrate certain relation- 
ships by simple mathematical statements : in each case, 
however, care has been taken to state the line of reasoning 
and the conclusion arrived at in ordinary language also, 
thus preserving the character of the treatment throughout. 

In conclusion, it is hoped that this book will help 
readers to know the rotary and motor converters as they 
really are, not a mystery, but very interesting pieces of 
apparatus capable of being imderstood, so far as their 
operation is concerned, by all who have to do with them. 
If this object is attained, the result will be an added 
interest, and increased efficiency, in the performance of 
duties which tend, by constant repetition, to become 
monotonous and pcrfuimtory. 

The thanks of tlie author are due to Messrs. Mather 
& Platt, Ltd., for their courtesy in response to a request 
for information regarding their patent seK-synchronising 
system. 


E. F. S. 
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ROTARY AND MOTOR 
CONVERTERS 

• CHAPTER I 

THE DYNAMO-ELECT mo MACHINE 

The Three Essentials. — The rotary converter belongs to 
the class of dynamo-electric machines, which also includes 
the oontmuous current generator and motor, and the 
alternating current generator and motor. The dynamo- 
electric machine has been defined as one in which, by the 
agency of electro-magnetic induction, mechanical energy 
of rotation is transformed into electrical energy, or vice 
versa. In such machines there are three essentials u])on 
wJiich the whole principle of operation is based. These 
are (1) the magnetic flux, (2) the active conductors, and 
(3) a relative movement between t)ie two first in a particular 
mauner, when in accordance with the laws of electro- 
magnetic induction, an elcctro-motive-force is induced m 
the conductors. 

The magnetic flux is produced by the field magnets, and 
passing through the armature whicli carries the conductors, 
the movement of the one relatively to tlie other is fiunishcd 
by the rotation of eitlier the magnets or the armature, the 
other mcjiiber being stationary. In the rotary converter 
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the field magnets are invariably fixed and the armature 
rotates. 

Magnetism. — ^It is first of all important to realise that 
magnetism always exists in a complete circuit, so that a 
flux, if followed out along its line of action, must bring'the 
observer back to his starting point. 

The familiar toy horse-shoe magnet, Tig. 1 (a), affords 
a simple example ficom which to approach the large types 




of magnet used in electrical machines. The magnet, of 
steel, is considered as being traversed by a flow, or flux, 
of magnetism in a certain direction throughout its length, 
which has the effect of holding the small keeper, or armature 
close against the two ends of the magnet, these latter 
being called the poles ; the flux traversing the whole 
combination, magnet and armature, as indicated by the 
broken lines in the figure. 
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If the arraature is puUed away from the poles against the 
attracting force and held at a little distance, the flux 
exists in the airgaps between it and the poles, the oirouit 
then comprising the magnet, the two airgaps, and the 
armature, as in Fig. 1 (6). The reason for this is that up 
to a certain distance away from the poles, the armature 
plus the two airgaps oflers a path of less difficulty, or lower 
reluctance as it is called, for the flux than that direct across 
through the air from pole to pole, although a small flux 
will travel by the latter route. 

As the distance of the armature from the poles is 
increased the flux traversing it becomes less, more and 
more crossing direct from pole to pole. 

The flux is considered as having a definite direction, so 
that where it crosses an airgap it may be said to leave one 
pole of the magnet and enter the other. 

This agrees with the two poles having diflerent cha- 
racteristics and for distinction they are named north and 
south, the former being a pole which has the flux coming 
«3ut of it, and the latter one with the flux entering it. 

The two poles are therefore said to be of opposite 
polarity or sign. 

AVlien the armature is near the poles as above d('- 
scribed a large ])art of the flux traverses it, with the 
result tliat it also becomes a magnet ha\'iug two opposite 
poles. 

A little coiisidei'ation will sliow that as the flux at each 
airgap is leaving one polo of the horse-shoe and entering 
one polo of the armature or vice versa, the two poles 
adjacent to each other will be of opposite sign, shown by 
the lettering N and S in Fig. 1 (6). 

In accordance with the law that " like poles repel and 
imlilco poles attract,” there will then be a force between the 
two tending to close the airgap, and if this force is strong 
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enough, whichever is free to move will do so until they 
are in contact and the flux has an aU steel path. 

The flux is assumed to consist of lines of force travelling 
in the given direction, so that the airgap may be considered 
as being crossed by a number of lines of force leaving or 
entering the poles. 

A region or space traversed by hnes of force is known 
as a magnetic field, and the strength or density of the field 
is measured in lines per square mch or square centimetre, 
a field of unit strength being one which will produce a 
certain effect which is capable of being measured by the 
force it exerts. ,, 

The horse-shoe magnet just considered is of the type 
known as a permanent magnet. That is, it has received 
its magnetism from some other source and by virtue of an 
inherent property of steel it has retained some when the 
magnetising agent was removed, this giving it its name. 

Except for very small noachines, however, permanent 
magnets could not be made strong enough, so that other 
means are employed whereby fluxes can be obtained of the 
densities required. 

Electro-Magnets. — ^It is found that a wire carrying a 
current is surrounded by magnetic hnes of force in such a 
manner that, to an observer looking along the wire in the 
same direction as the current is flowing, the flux acts in a 
clockwise direction around it. 

If the wire is formed into a coil of one turn the flux 
will pass through the loop thus made, and the conductor 
and flux will be linked one with the other, the total number 
of such linkages depending on the strength of the current. 

In a coil of two turns side by side the flux due to each 
turn links with both, so that the total flux through the 
coil is twice that with one turn for the same current. 

Increasing the number of turns increases the number of 
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Imkagea in proportion, the whole of the flux due to all the 
turns passing through the coil and returning along the 
outside to complete the magnetic circuit. 

The force producing a magnetic flux is called a magneto- 
motive-force or m.m.f., which term is analogous to electro- 
motive-force or e.m.f. in an electrical circuit. 

The m.m.f. is proportional to the ampere-turns of the 
coil, that is, the product of the current in amperes and the 
number of turns in the coil, so that by varying either of 
these the m.m.f. may be varied. 

If the coil has no solid core, or has a core of some non- 
magnetic material, the flux will be proportional to the 
m.m.f. and will always be the same for a given value of the 
latter, whatever be the material of the core. 

With iron or steel cores, however, this does not hold 
good, as in the first place greater fluxes wiU be produced 
with a given m.m.f. than with non-magnetic cores, while 
with different qualities of these two metals the flux densities 
will also vary. I'urther, as the density in an iron or steel 
core increases, a state is reached when an increase of 
m.m.f. brings about a comparatively small change in the 
flux, the core then being said to be saturated. 

The stronger flux produced in iron or steel is due to the 
greater permeability possessed by these metals, this term 
referring to tlie readiness witli which any substance ])crmits 
of the pa.ssage of the flux, and being therefore the opposite 
to reluctance. 

By the iiicluvsion in any ])art of a magnetic circuit of an 
iron or steel ])ath, the reluctance of the whole circuit is 
reduced and the whole flux increased. 

Practically all other substances are non-magnetic, that 
is, tlieir permeability is the same as that of ah, and a 
magnetic flux is not affected by their presence. 

Magnets deriving their m.m.f. from the current in an 
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ft-nniTP.IiTig coil are called electro-magnets, and have the 
advantage that the flux density may be controlled by 
varying the exciting current. 

When the direction of the current in the coil is known, 
the direction of the flux can be deduced from the statement 
above referring to a single wire. If an electro-magnet is 
viewed from the side with its axis horizontal, so that the 
current is passing upwards in the side of the coil nearest 
the observer, the flux wiU be clockwise round the wires at 
the top, and anti-dockwise round those at the bottom of 
the coil, and therefore from right to left in the core ; the 
north pole will be on the observer’s left hand. ^ 

By placing the right hand pabn downwards on the coil 
with the fingers parallel to the turns and pointing in the 
direction in which the current is flowing, the thumb, held 
out at right angles to the fingers and across the turns 
parallel with the core, will indicate the direction of the 
flux; will point to the north pole. Also, if the coil is viewed 
from one end, the south pole will be towards the observer 
if the current is flowing round the coil in a clockwise 
direction, and the north pole towards him if the current 
is anti-clockwise. 

All these relations may be checked by means of 
the diagrams of a horse-shoe shaped electro-magnet in 
Fig. 2. 

Electro-magnets are used in aH dynamo-electric 
machines, those having permanent magnets being known 
as magneto-electric. 

Multipolai Magnets. — ^Field magnets for rotary con- 
verters usually have more than two poles, and are then 
termed multipolar. They take the form of a ring having 
inwardly projecting arms, the former being known as the 
yoke and the latter the pole-pieces or poles. There must 
be. an even number of poles, and the exciting coils, which 
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are moujited on the pole-pieoea, are so connected as to give 
adjacent poles opposite signs. 



Fig. 2. 


Fig. 3 represents a field magnet Having four poles, tHe 
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excsiting oircuit being indicated, and the paths of the fluxes 
shown by the broken lines. In the space between the 
poles is -^e armature, which is cylindrical and carries the 
flux from pole to pole. It will be seen that the flux in any 
pole divides into two parts, each flowing in opposite 
directions, both in the yoke and in the armature. 

The airgaps between poles and armature are made very 
HTnql l on account of their high reluctance, and to prevent 
leakage of the flux from one pole to the next without 
entering the armature. The result is that the flux passes 
across the airgap and lies practically at right angles to the 
motion of the surface of the armature under the poles. 

The Active Conduetoi^. — The second essential to^e 
operation of the machine, the active conductors, are 
arranged in slots formed lengthwise in the armature sur- 
face, being insulated from the core and from each other. 
In this position, when the armature rotates they are carried 
round with it and are thereby caused to pass through the 
flux. 

The Motion. — This movement of the conductors through 
the flux constitutes the third vital element in the machine, 
and it is particularly to be observed that the movement 
takes place in a direction at right angles to the length of tlie 
conductor, and also at right angles to the flux. That is, 
the conductor moves sidewise and not endwise ; cutting 
across the flux, not moving parallel to it. 

Electro-Magnetic Induction. — By the law of electro- 
magnetic mduction, when a conductor is caused to move in 
a magnetic field in such a way that it outs across the flux, 
an electro-motive-force is induced therein. 

A definite relationship exists between the direction of 
the flux, direction of motion of the conductor, and direction 
of the induced e.m.f., and this may conveniently be indi- 
cated by Dr. Fleming’s right-hand rule, in which the fore- 
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finger, thumb, and centre finger fe^^e . j 2 


to denote fl.ux, motion, and e.m.n ,%\ 

If the hand is held with th^'lomici^rs extended at 
right angles to each other, that i^sfe 
with the hand as in pointing, the 

angles to the palm, and the thumb extended sideways from 
the pahn, the directions in which these are pointmg wiU 
give the indications required. 

For example, at a north pole, the hand is held with the 
fore-finger pointing towards the armature and the thumb 
in the direction in which the armature moves at that place, 
when the centre finger held in the proper manner will lie 
parallel with the armature conductors, and as stated above 
will indicate the direction of the induced e.m.f. in the 


conductors under that pole. 

The reader is urged to familiarise himself with the 
right-hand rule, observing that with the same direction of 
rotation, reversing the flux reverses the e.m.f. induced. 
Similarly with the direction of flux unclianged, reversing 
the motion also reverses the e.m.f. 


In view of the assumption that current flows in the 
direction of the e.m.f. the centre finger may also represent 
the current, the memory being assisted by associating the 
initial letters of fore-finger and flux, and centre finger and 
current, while the word thumb, when spoken, runs naturally 
into its associated term, motion. 

The value of the c.iii.f. induced in a conductor depends 
on the rate at which it cuts the flux, that is, the number of 
lines of force cut in a given time. 

This rate of cutting will depend on three things, 
namely, the flux density, the active length of conductor, 
and the speed of the conductor. 

If two or more conductors are joined in series so that 
their e.m.fs. act in the same direction, this is equivalent 
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to mcreasing lihe active lengtli, and tlie e.mi. available will 
be increased in proportion. 

In practice, the total active length of conductor is 
fixed by the design of the machine, and cannot be varied 
when this is in operation. 

Likewise, the speed of the conductors is usually fiixed 
by the necessity for running the engine, or other driving 
agent, at that speed at which it is designed to develop its 
rated power. 

The flux density, however, is readily controlled by 
altering the value of the exciting current, and this is the 
means invariably employed to control the e.m.f. generated 
by machines in commercial service. 

It will be evident that as the conductors pass under 
successive poles, these being of opposite sign there wiU be 
reversals of the e.m.f. induced. 

Leaving out of consideration, for the moment, the 
connections between the conductors and viewing only 
their active parts, i.e. those parts embedded in the armature 
slots and therefore cutting the flux, it will also be evident 
that when the armature is revolving there wiU be, at every 
iostant, a group of conductors under each pole. 

The conductors of any one group will have their e.m.fs. 
in the same direction, while the e.m.fs. in conductors in 
adjacent groups will be in opposite directions. 

The groups themselves will be stationary, wliile the 
individual conductors forming them will pass from one 
group to the next and so on, their e.m.fs. alternating in 
direction as they dojio. 

This is shown in Tig. 4, which represents the armature 
and field poles of a four-pole machine. 

The small circles on the armature represent the con- 
ductors in cross-sectioh, while the crosses and dots in them 
show the direction of the induced e.m.fs., the cross indi- 
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eating the tail and the dot the point of an arrow flying away 
from or towards the reader. 

The blank circles represent conductors in those parts of 
the field midway between tihe poles, in which no e.m.f. 
is induced owing to their motion being parallel to the flux. 
These positions are known as the neutral points of the 
field. 

As the conductors are distributed symmetrically round 



the armature it follows that the diagram may be taken to 
represent the armatru‘e and conductors at ])ractically any 
instant while they are revolving. 

The groups of conductors having opposite e.m.fs. will 
be observed, and it is hoped that there will be no diiliculty 
in grasping the idea of stationary groups of moving 
conductors. 

Field Excitation. — Before passing on to the considei-a- 
tion of the means employed to utilise the e.m.fs. indueed 
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in the conductors, the question of the source of ifxcitation 
for the field magnets may be disposed of. 

As most dynamo-eleotrio machines are sulf-oxcitcd, 
that is, they have their field magnets excited by current 
generated by the machine itself, it becomes necessary tliat 
the magnets Should possess some permanent niagiietisni 
when the exciting current is absent. 

Were the magnets dead under these conditions, there 
would be no flux to start the exciting current and nothing 
could be done with the machine until a flux was pro- 
vided. 

Fortunately, as remarked earlier, steel has tlic propcfrty, 
when once magnetised, of retaining some of tlie flux after 
the exciting agent is removed, and for this reason field 
magnets are made of steel. 

This remaining flux, called the residual flu.v, is Hufli- 
cient to induce a small e.m.f. in the conductors wlicn the 
machine is started, and this sends a current through the 
exciting coils which builds up the flux to its full value as 
the e.m.f. increases. Thus the machine is entirely self- 
exciting. 

Field coils are usually joined in series with <?a(;]i other, 
and connected to the main terminals of tlui iiuufliiiK*, a 
variable resistance or regulator being included in tlu' circuit 
to allow of the excitation being varied at will. 

When connected in this way the macliiiu’ is ti'rmetl 
shunt wound, the field circuit being in sluint or juirallel 
with the load. 

In another method the coils arc conniKJtcd in stsries 
with the main circuit of the machine, so as to ('.nrry tlio loiitl 
current. This is known as series excitation, and on account 
of the larger current the field coils arc of flavor turns of 
heavier gauge than with shunt excitation. 

In the shunt-wound machine the e.m.f. available at tlu‘ 
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main terminals falls off as tke load increases, owing to 
increased pressure losses witli tlie heavier current. 

This tendency may be removed by providing a few turns 
of series field winding so that the excitation varies with the 
load, the machine then being said to be compounded. 

When over-compounded, the series turns are sufficient 
to cause the terminal pressure to rise with increasing load, 
this being desirable in certain circumstances. 

Rotary converters are either shunt or compounded, as 
required by the conditions imder which they are to work, 
this point being more fully dealt with when the subject of 
pressure control is reached. 



CHAPTEB II 

THB CONTINUOUS CURRENT OENMRATOB 

The Lap-connected Winding. — ^Inthe last chapter it was 
seen that e.m.fa. are induced in the armature conductors 
I as they pass under the poles of the field. The mean? of 
1 makmg these e.m.fe. available at the terminals of the 
machine has now to be consideied. By connecting two or 
more of the conductors together in series their e.m.fe. 
may be added, and the winding takes its name from the 
‘ manner in which this is done. 

The type of winding invariably used in the rotary 
■ converter is the lap winding, in which the conductors are 
I connected so as to form a number of coils overlapping one 
I another and so advancing progressively round the armature. 
Each coil consists of one turn, or two conductors with their 
end connections, and in order that the e.m.fe. shall be in 
the same direction round the cod, the conductors must be 
spaced so that the distance between them is approximately 
equal to that between two poles of opposite sign, or one 
pole pitch. The whole forms a closed win ding , sym- 
metrically distributed round the armature core, so that 
by starting at any point, it may be traced out until aU the 
' conductors have been traversed and the starting point 
I regained. 

Such a winding would be very difficult to represent in 
a diagram, owing to its cylindrical shape. The plan has 
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been adopted, tberefore, in Fig. 6, of sbo'wing only a part 
of the mnding as if it were laid out flat ; sufficient being 
taken to embrace three of the field poles, these being 
indicated by the heavy broken-hne rectangles, and their 
polarity by the letters N and S. No reference is made to 
the total mimber of poles in the field, this being immaterial, 
as will be imderstood from the following. 

It is a characteristic of the lap winding that there, arc as 
many separate parallel paths from negative to positive 
brushes as there are poles in the field, the conductors in 
any one of those paths being under the influence of a pair of 
adjacent poles. By taking three consecutive poles and i 
a corresponding part of the armature winding for con- 
sideration, we may study what is going on between one set 
of bnishes on the commutator and its immediate neighbours 
on either side, or in two of tlie paths through the winding. 

Bearing in mind that botJi the field system and the 
annaturo winding are syni metrically arranged, it will be 
clear that the diagram may represent any three poles of 
the given signs out of a field system of any niunber of pairs 
of poles, and also any equal number of armature conductors 
from any ]mrt of the corresponding winding. 

Furthermore, the same diagram may be tak(‘n to repre- 
sent the Avindiiig at ])i’actically any instant during the 
rolatioii of tli(‘ armature. 

It will 1)(\ imderstocjd that the number of conductojs 
in the winding shown in the dhigium has ])urpos('.ly b<*en 
made small, as it would In; iinj)ossible to show in a small 
diagram the larg(‘ numbers used in actual practice. Tills, 
of eours(‘, in no way afl’eids thi^ ])rincii)le involved. 

Thu diagonal lin(\s at the: to]) and bottom of the figure 
re])resent the (md conneotions, and the straight lines 
between them the active conductors. Actually, the con- 
ductors do not lie singly in the slots, several being gi’ouped 
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together in each slot. Ihirtheij the conductors are arranged 
in two layers, the end connections running opposite ways 
from the conductors in each layer. Thus if the left-hand 
conductor of a coil is at the top of its slot, the right-hand 
one will be at the bottom of its slot, and by tbia means the 
end connections are kept clear of each other. The upper 
layer of conductors and connections in Fig. 5 is shown by 
full lines, and the lower layer by broken lines. 

It will be observed that so far no reference is made to a 
commutator, ncitlier is one shown in Fig. 5, as it is desired 
to emphasise the fact that the winding is complete without 
the commutator, which is simply a means for making 
coniToction between the armature •winding and the external 
circuit in a jjarticular manner. 

Considering the field poles in Fig. 5 as beiug above the 
])Hgo and ])ointing downwards, and the motion in the 
direction indicated by the arrow above the figure, the 
right-hand rule ^vill show that the e.m.fs. induced in the 
conductors will be in the directions shown by the arrow- 
heads thereon. Tracing the winding out from the con- 
ductors in the neutral zones of the field, marked 0, it will 
Ijo fouiul that those next connected to them on either side 
have their e.m.fs. in opposite directions, and that of a 
grou]) of conductors in series bet'ween one neutral zone and 
tlie next, all have' their e.m.fs. in the same dii’cction, and 
thenden! cuimilative. 

The number of neutral j)oints in the winding will equal 
t]i(‘. numlx'i' of ])oles, and the latter being an even number 
(any niinila'r of ])airs of poles) the number of series groups 
of e.m.fs. induced in the winding ■^vill also be even. As 
the e.m.fs. in successive groiqm are in opposite directions, 
there', will be an equal miinber of e.m.fs. in each direction, 
HO tliat the sum of the e.m.fs, acting roimd the winding 
is zero. 


0 
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The steps gone tbrongh. in reaching this point may be 
repeated briefly. 

When the armature is rotating, all conductors under 
poles of similar sign have, at any instant, their e.m.fs. 
in the same direction, those under poles of opposite signs 
having e.m.fs. in opposite directions. 

By the lap method of connection, conductors situated 
a pole pitch apart are joined to form one turn of the ■winding, 
successive turns being again joined in series so as to form ii 
continuous ■winding. 

When the arma^ture ro^tates the magnetic fleld divides 
the winding into sections having alternately opposing 
e.m.fs. the numbers of opposing sections being equal, •and 
the sum of the e.m.fs. round the winding therefore zero. _ 

The magnetic field being stationary the distribution of 
e.m.fs. in the winding is also stationary, the individual 
conductors passing from one section to another at th(‘. 
neutral points of the field, and the total number in each 
section remaining constant. 

This may be shown diagrammatically by drawing a 
circle to represent the closed armature winding with all 
its conductors in series, as in Eig. 6 for a four-pole imieljiiie. 
The neutral points a, h, c, and d, are shown di^vidhig tht^ 
conductors into four active groups, the arrowheads in (‘ticli 
of the latter indicating the direction of the induced e.m.f. 
■therein. 

Between any two adjacent neutral points tliere will b(^ 
■the full pressure due to -the added e.m.fs. of the eonductors 
between them in series. 

On the other hand, between alternate neutral points 
as a and c, or d and 6, there are two sections of the winding 
having opposing e.m.fs. so -tihat the pressure between tlu'se 
points is zero. 

It will be necessary, then, in order to got the full pressures 
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generated by the machine, to coimect the external cirotdt 
to the winding at those neutral points situated one pole 
pitch apart. 


+ 



As all the conductors, in turn, occupy the neutral 
points, the connection has to be made by providing 
stationary brushes rubbing on contact surfaces connected 
to the conductors. 

The Commutator.— Tho commutator is simiily a suc- 
cession of extended contact surfaces arranged in the form 
of a cylinder and revolving with the winding, so that 
stationary bnislies bearing thereon maintain a constant 
connection bctwe(‘n the moving winding and the stationary 
external circuit. 

It will ])e seen in Fig. 0 tliat the neutral ])oint8 a and c 
liave the e.m.fs. in the adjacent sections of the winding 
acting towards them, while at h and d the c.in.fs. are acting 
away from the neutral points. The former will be positive 
and tlie latter negative, as the current which flows in the 
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directdoa of the pressure is assumed, to leave the generator 
“ by the positive brushes and return to it by the negative. 

The brushes resting on the commutator at bars con- 
nected to conductors in neutral points a and o will therefore 
be positive, and may be connected together as there is no 
difference of pressure between them. Bruslies making 
contact with points h and d will be negative and may also 
be connected together, the common conncotiona of each 
set of brushes being taken to the main terminals of the 
machine. 

. By tracing out the paths through the winding it will 
be found that there are as many between brushes of opposite 
sign as there are poles in the field, in this case four, and in 
parallel with each other. 

When the machine is on load the current will divide 
equally between the various paths, and each set of brush (‘s 
will carry only a portion of the current, according to tlu^ 
number of poles in the field. 

The connection between the commutator bam and tluj 
winding is made as shown in Fig. 7, which is identical with 
Fig. 6 except for the addition of tlie coininututor baj’S at 
the bottom, the brushes being shown by the shaded 
rectangles + and — , positive and negative rosp(jctiv('ly. 

There are two conductors connected to each bar aiid 
the winding takes one turn between each pair of adjacent 
bars, so that the difference of pressure between the latter 
is that due to two conductors. 

Ow^ to the connections to the cominutator Ixting 
made in the middle of the front end coniicotors, tlie 
brushes are not placed opposite the neutral points of tint 
field, but opposite the centre of the pole pieces, tluj neutral 
points of the commutator being staggered half a poh! pitch 
from those of the field. 

Load Torque.—The distribution of the current in tlie 
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winding when the naachine is on load, is shown by the 
arrow-heads in Fig. 7, and is the same as that shown in 
Fig. 6 for the e.m.fa. 
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right angles to a magnetic fidld, it is acted on by a force 
tending to move it in a direction at right angles to its own 
length and to the dnz. 

I This is BO whether the current is that due to the e.m.f. 
1 induced by its own movement or not. 

The direction of the force is found by Fleming’s left- 
hand mle, in which the fore and centre fingers stand for 
flux and current as in the right-hand rule, while the thimib 
shows the direction in which the conductor is urged to 
move. 

Applying this rule to Kg. 7 it will be seen that the 
eflect of this force is to oppose the rotation of the con- 
ductors, thereby imposing what is known as a load torq.ue 
on the armature which has to be overcome by power from 
the engine which is driving it, all the time the machine is 
acting as a generator. 

The load torque is proportional both to the current and 
the flux, so that an increase in the load by increasing the 
armature current produces a larger torque, more power 
being therefore required to maintain the rotation. 

The relationship between flux, motion, e.m.f., current 
and torque, can be illustrated very simply by holding out 
both hands together, as in the ri^t- and left-hand rules. 

Both fore-fingers being made to point in the same 
direction, as representing the same flux, and both centre 
fingers in the same direction at right angles to the former, 
that on the right hand will indicate the e.m.f. induced, and 
that on the left hand the direction of the current. 

The thumbs will now be found to be pointing in opposite 
directions, the ri^t hand showing the motion producing 
the e.m.f. and current, and the left thumb the force acting 
on the conductors as a result of the current. 

Conunutation. — ^If the conductors in the neutral posi- 
tions in Kg. 7 are traced out it will be found that they form 
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turns of the winding wMoh are short-circuited hy the 
brushes, these bridging the two commutator bars between 
which such conductors are connected. 

In this position the current in the coils is said to be 
undergoing commutation, the process of which is as follows. 



Fig. 8 may bo taken as roprosunting oithor tJiroo noigli- 
boiiring coils at a particular instant of time, or a single coil 
at three successive instants during its passage tliroiigli the 
neutral zone. 

Up to the moment of arriving at the position marked 1 
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the coil is carrying the full current of that section of the 
win tiling of wMch it forms a part, in a clockwise direction 
on its way to the brush, which is therefore marked +. 
Between positions 1 and 2 the brush bridges the gap between 
the two bars of this coil and the current has a direct path 
from the coil behind to the brush; the current in the 
short-circuited coil therefore falls to zero. 

"When the leading bar of this coil passes out from under 
the brush into position 3 it then forms part of the next 
active section of the winding and has to carry the full 
current once more, but this time in the opposite direction, 
or anti-olookwise round the coil. 

' If it were possible for the current to stop and start 
instantaneously, no difficuHy would arise over com- 
mutation, the current ceasing from one direction and 
re-starting in the other as the coils were cut out of and into 
. the active sections of the winding. , 

Actually, however, it is not possible for the current to 
change its value in this manner, on account of the effect of 
self-induction, which is a property possessed to a greater 
or lesser degree by every current-carrying conductor. 

This- property will be more fully dealt with when we 
come to consider alternating currents, but it will suffice 
here to say .that when there is a change in the value of the 
current in a conductor, the effect is to induce in the con- 
ductor itself an e.m.f. which tends to oppose such change. 
This is known as the e.m.f. of seLf-induction or reactance 
e.m.f., and other things being equal, the greater the current 
change, or the greater the rate at which the change takes 
place, the greater wiQ be the reactance e.m.f. 

At the first instant of the brush bridging the gap between 
the two bars of a coil, the contact between the brush and 
the newly arriving bar is very slight and the resistance 
of the contact comparatively high. 
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The current therefore flows partly across this contact 
and partly round the coil to the leading bar, and so to the 
brush. 

As the bar moves on, the area of contact increases 
the contact resistance correspondingly decreases, more 
current passing direct and less round the coil, until the whole 
of the armature current is passing direct from the second 
bar to the brush. 

The reactance e.m.f., however, delays the faU of the 
current in the coil, so that it reaches zero later than it would 
if it were only dependent on the varying contact between 
the brush and the second bar. 

Similarly, when the leading bar is about to leave the 
brush, the contact resistance gradually increases, so 
diverting more of the cmrent round the coil until the bar 
leaves tlio brush, when the coil has to carry the whole of 
the current. 

Here, now, the reactance o.in.f. opposes the rise of the 
current with the result that when the bar leaves the brush 
the current has not reached the full value in the coil and has 
therefore rapidly to change its value. This causes an 
increase in the reactance e.m.f. and may result in the current 
from the bar to the brush ])ersLstiiig after the two have 
separated, so giving rise to sj)arking. 

To prevent this sparking, with its injuiious (vITects on 
the commutator, it is lujcessary to llS(^ some, means of 
aasisting the reversal of the current. 

The method in general use consists of bringing the coils 
under the inlluenc{i of a n.'versing flux during the tiiim they 
are short-cireuited by the. brushes. 

At one tiuKi this was doiu^ by shifting the biushes 
fonvard in tlie direction of rotation of the armature, so 
that tlie coils, wJien short-circuited, were in the field of the 
next pole ahead, inshuid of being in the neutral zone. By 
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this means an e.mi. was induced in the ooUs in a direction 
opposite to the current at the moment of short-circuiting, 
thereby assisting the reversal and counteracting the effect 
of the reactance e.m.f. 

Several disadvantages attached to this method, the 
chief being that as the load increased the brushes required 
advancing still further, while on the load decreasing they 
had to be brought back. 

This was due partly to the greater current at heavier 
loads requiring a stronger reversing-flux, and partly to the 
fact of the increased armature current producing a reaction 
distorting the main flux in the direction of rotation. 

Furthermore, the shifting forward of the brushes 
introduced an additional armature reaction whereby the 
flux was weakened by increased armature current. 

For these reasons the method of giving “ lead ” to the 
brushes to obtain sparkless commutation was very un- 
satisfactory, especially for machines dealing with varying 
loads, so that with modem machines a reversing-flux is 
provided by commutating poles. These, also called 
auxiliary, or interpoles, are fitted to the main field magnet 
frame midway, between each pair of mRin poles. 

They are fitted with exciting coils which carry the whole 
or a part of the load current of the machine so that the 
strength of the reversing-flux varies with the load, and 
consequently with the current to be reversed in the 
armature coile. 

A little consideration will show the polarity required 
at the interpoles in relation to the TnniTi poles. 

Previously to arriving at the commutating zone the coil 
has been carrying a current in a direction corresponding 
to the e.m.f. induced by the flux it has just passed through. 
While in the neutral zone this current has to fall away to 
zero and then build up in the reverse direction, or that 
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corresponding to the e.m.f. induced by the next poles 
ahead. 

The commutating poles, therefore, must be of the same 
sign as the next poles in the direction of rotation, and 
accordingly an e.m.f. is induced iu the coils under them 
which hastens the fall of the former current to zero ; the 
coil being short-circuited by the brush a current starts in 
the new direction, which, with correct design, will reach the 
value of the armature load cmrent by the time the leading 
bar of the coil leaves the brush. 

By the use of interpoles the brushes may be kept in a 
£bced position for all loads, and modern rotary converters 
are invariably provided with tliem. 

Although, in the diagrams used here, the blushes are. 
shown as only wide enough to cover two commutator bars, 
in actual practice they usually cover at least three and 
sometimes four bars. Tliis increases the short-circuiting 
period, so aUowing more tune for the jirocess of ciuront 
reversal. 

Armature Reactions. — When carrying current, the 
armature of a c.c. generator becomes, in effect, an electro- 
magnet having the same number of poles us the field system 
of the macliine. 

It has already been noted that all th(‘. conductors 
under any one pole of the field form a group having their 
currents in the same direction. EacJi of tlieso groups 
will be encircled by a flux due to tlie current therein, 
and these fluxes will be in alternate directions in the 
core, that is, towards and away from successive neutral 
points. 

Referring to Ifig. 9, which is a cross-scction of the winding 
and field magnets of Fig. 7, with the addition of inter-poles, 
and bearing in mind the direction of the flux encircling 
a cuiTent-carrying conductor, the derivation of the heavy 
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broken lines, representing the fluxes due to the armature 
currents, will be readily understood. 

The armature poles are located at the points where the 
flux enters or leaves the core, these coinciding with the 
I neutral zones of the main field ; the armature poles are 
therefore displaced from the field poles by one half a pole 
pitch, and their sign is the same as that of the next field 
pole ahead. 

In completing its circuit the armature flux crosses the 
air-gap and travels across the field pole, so that where it 
enters or leaves the pole it either reduces or increases the 
main flux, according to the sign of the latter. 
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The total result is that at each pole the flux is reduced 
; at the leading tip and increased at the trailing tip, so 
j producing a displacement or distortion of the mam flux 
1 in the direction of the rotation of the armature, 
j The armature flux producing this distortion is known 
I as the cross flux, and varies with the armature current and 
I therefore with the load on the machine. 

The effect of the cross flux was briefly referred to in 
connection with the practice of giving lead to the brushes to 
prevent sparking. The other armature reaction mentioned 
at the same time will be explained here, although it does 
not arise in 'machines where the brushes are kept in the 
exact neutral point midway between the poles. 
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lias its poles co- 


We have seen that the armatwSwIx has its poles co- 
inciding with the neutral points of ^ 

being the points on either side onwjjiich the current is in 
opposite directions. 

Now the distribution of the crSejjt 
depends on the position of the bmab ' 

in the neutral zones of the field, the current distribution 
corresponds to the distribution of the e.m.fs, induced in 
the conductors, the latter being fi^ed by the flux. 

If the brushes are moved forward, however, the coils 
which are in the neutral zones of the field are thrown into 
circuit, while those which are short-circuited by the brushes 
are in the flux of the next poles ahead, this flux then being 
used to assist the current reversal. 

The neutral points of the current distribution no longer 
coincide with those of the e.m.f. and as the armature flux 




arises from the current, tlie armature poles are shifted 
forward and therefore approach more nearly the poles 
ahead. 

Instead of the distortion being imiform as before, the 
leading pole tips wdll be weakened more than the trailing 
ones are strengthened, and the total flux will be reduced 
accordingly, as w'oll as distorted. 

If it were possible, h.'aving out other considerations, to 
move the brushes forward througli one-half a pole pitch, 
the centres of the armature jioles and field poles w'ould 
coincide, and there would be weakening but no distortion. 

The armature flux may bo divided into two parts, the 
cross flux and the back flux, these having differing relative 
values dependiug on the [losition of the brnslres. 

With the brushes in the neutral zones of the field the 


back flux is zero and the effect wholly distortion, while 
with a forward shift of half a pole pitch the cross flux is 
zero and the effect weakening only. 
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Pot intermediate poeitionfl there i.s a oombinutiou of 
distortion and weakening. 

From the foregoing it will readily he seen that if the 
brushes are moved backwards or given lag, tht' uriimf.iire 
poles are brought nearer to the field poles behind, or to poles 
of xmlike sign, the effect then of th(‘. reaction being to 
strengthen the. main flux in addition to the distori-ion. 

When oxaniining Pig. 9 it might be thought that the 
commutatmg poles would neutralise the cross (lux, as th«‘ 
two fluxes are in opj)osition in tlio n(‘utral zont^ 'riiis 
is not BO, however, owing to the magnetic ])ath ])rovi(Ii‘d 
by the adjacent main pole i)i(?ces. 

If the interpoles were left unexcited a ])art of the cross 
flux would pass through them, completing its cin’uit 
through the yoke and adjacent mt(^^pt)h‘s. Sullieient 
m.m.f. has therefore to be inovided by tiie iuk‘rpoh* coils 
to balance the effect of the armatiin*. cross flu.\ in 1 he 
interpole ohouit. 

With this alone, however, ther(i would still la* no 
reversing flux under the interj)olcH, so that t.o furnisli tliis 
additional m.m.f. is I’ocjuircd. 

The total result is that the cross flux is ncutrali.si'il 
under the interi)oleB and the commutating flux (wliich is 
of opposite sign) established in its stead, the cross lUix 
being diverted to the main pole ])ic(!(!s. 

The ampere turns of the intcrpolcs liavc llu'ri-forc hi 
be greater on account of the cross flux t.han (hey would 
be if tlie latter did not exist, but mwertiK'lcss tJic inlcr- 
poles do not prevent distortion of the main fuhl flux. 

The cross flux may b(5 rnnitraliscd and disloriion pre- 
vented by fittmg a comj)cnHating winding c.onsis(iMg of 
conductors embedded in Hlot44 in tlie pole faces so as t(} lie 
parallel to the armature conductors. By conm^ol ing llic.se 
so that tlio current in them is in tJio ojipositc diri'ciion 



THE CONTINUOUS OUBRENT GENERATOR 31 

to that in the armature conductors under them, a cross 
m.m.f . is produced in opposition to that due to the armature. 

The compensating winding is arranged in series with the 
load so that the compensating m.m.f. varies equally with 
the armature m.m.f. and thus distortion of the main field 
is prevented. 

Compensating windings are often used on modem c.q. 
generators, but are not used for rotary converters, as owing 
to the peculiar operating characteristics of the latter the 
armature cross m.m.f. is. practically non-existent. 

The reader should not confuse the damper winding 
usually fitted to the jjoles of rotary converters with the 
winding just described, as the damper has a totally different 
duty to perform, besides being miconuected with any 
external circuit. This will be dealt with in due course. 

Equalising Rings.— In Fig. 0 it will be seen that 
between any two points diametrically opposite, tliat is, 
two pole pitches apart, the elicctivc jiressure is zero, 
there being included in the arc of the circle between 
them equal lengths having arrows in o])poHit(j directions. 

As long as the e.m.fs. induced in each section of the 
winding are exactly equal this will hold good. 

It sometimes occurs, however, that tluTc. are slight 
differences in the .strength of the flux under poles situated 
in different parts of a iunlti])olar field magnet. 

This may be brought about in various ways. 

For in.stanee, wlum the, yoke, is dividend so as to allow 
of the top half being removed in order to talce out the 
armature wlum recpiin'd, f.he joints, if not carefully fitted, 
may havi^ sudicient relucfanco to cause a sensibh', rciduction 
of the flux in the circuit containing them as comparetl with 
those circuits without. 

Or the armatunj may not bo exactly central in the space 
b(‘tween the poles, owing to wear of the bearings or other 
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cause. In these circumstances some of the airgaps will be 
wider than others, the differences of the reluctances thus 
varying the flux in the several magnetic circuits. 

On account of this the e.m.fs. induced in the different 
sections of the winding may be slightly unequal. 

Owing to the fact that under any one pole there are 
located parts of two adjacent sections having opposing 
e.m.fe. there wiU be no unbalancing of the opposing 
pressures round the armature, and consequently no circula- 
ting current in the winding alone. 

When the brushes are placed on the commutator, 
however, the connections between brushes of like sign wiU 
form cross connections to the armature winding, and if 
unequal pressures are present in the latter, currents will 
circulate via the brushes and theic connections. 

"When the machine is on load the current will divide 
unequally between the several paths through the winding, 
according to the pressures induced therein. 

Some sets of brashes will therefore be carrying moi'o 
current than others, and this in turn will affect the com- 
mutation owing to the differing values of the current at 
separate commutating points. 

In order to avoid this, points in the winding at intervals 
of two pole pitches apart are connected together by 
conductors of low resistance. 

One such conductor, known as an equalising ring or 
equipotential conductor, will therefore be connected to 
the winding at one point for each pair of poles in the field. 

If each successive coil was connected to its fellows 
two pole pitches away, the total number of equalising rings 
would equal the number of coils per pair of poles ; but in 
practice it is usual only to connect about every fourth coil 
in this fashion. By this means the number of rings is kept 
down and quite efficient results nevertheless obtained. 
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.4iiy inequality in th.e flux under different poles will 
cause currents to circulate in tlie equalising rings rather 
than via the brushes and their connections, and so unequal 
distribution of the load current between the sets of brushes 
is prevented. 

Parallel Operation. — Two or more generators having 
their terminal pressures equal may be connected together, 
positive to positive and negative to negative, in parallel. 

As their pressures are in opposition when so connected 
there will be no current in the circuit formed by the two 
machines ; but if an external circuit is connected to the 
combination a current will flow therein' which will divide 
equally between the armatures of the generators. 

One machine may be made to take a larger share of the 
load by increasing its field, and so raising the terminal 
pressure, or by lowering the pressure generated by the other. 

The way in which generators behave when in parallel 
depends largely on the way in which their terminal pressures 
vary with changes in the load, or what is known as the 
“ characteristic ” of the machine. 

The characteristic of a generator is the name given to 
a curve which is drawn from observations of the terminal 
jn'C'ssures available with vaiying loads. 

If tli(‘- tenninal pressure at no load is the same as at 
full or other loads, the curve will be a horizontal line ; such 
is a “ flat ” characteristic. 

If the pressure at full load is lower than that at no load 
the curve will fall towards its full load end, and is then 
known as a “ drooping ” characteristic. 

On the other hand, a machine which gives a higher 
terminal pressure at full than at no load is said to possess 
a “ rising ” characteristic. 

■ The ordinary shimt-wound c.c. generator has normally 
a drooping characteristic, on account of the increased 
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preBsiue drop due to aimature conductor and brusL, contact 
resistance mth heavier loads. 

ing on the amount of compounding for which they are de- 
signed ; when orer-compoundedhavingarising characteristic. 

Machines having drooping characteristics will, in general, 
run stably in parallel, and the eactent to which they will 
maintain equal division of load depends on the similarity 
or otherwise of their characteristics,'’ 

Those machines in which the pressure drops to a greater 
degree with increased load will have a tendency to respond 
less readily to changes in the total load, when in parallel 
with others having flatter characteristics, on account of 
the unequal effects of such changes on the terminal pressures 
of the two classes of machine. 

Over-compounded generators, in which the pressure 
rises with increased load, will not run stably in parallel 
unless special equalising arrangements are provided. 

Without these any difference between the loads carried 
by separate machines has the effect of increasing the field 
of the one having the heavier load, so increasing the in- 
equality of the loads, this being the opposite to that which 
occurs with drooping characteristics. 

Eurthermore, with compounded machines in paraUol, 
i£ the pressure generated by one of them were to fall from 
any cause, such as the slowing down of the engine, thcM’{‘ 
would be a reversal of the current thxoiigh the armature of 
this machine. The series field current would also bt^ 
reversed, reducing the flux and lowering the generaterl 
pressure still further, so that the polarity of the field magnets 
is in danger of becoming reversed. 

Equalising is brought about by connecting together tlio 
inner ends of the series windings of all the machines, that is, 
the ends nearest the brushes. 





Fig. in. 
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By this meajis they are all placed in parallel between the 
load and the equaliser, while the armatures are in parallel 
between the equaliser and the other side of the system. 

The connections for machines in parallel are shown in 
Big. 10, {a) being for shunt-wound and (6) for compoimd. 

It will be seen that if the resistances of the series windings 
are equal, the load will divide equally between them, even 
if the machines are carrying unequal loads in their armatures 
by having differing values of shimt field excitation, in which 
case the difference of the armature currents flow's over the 
equaliser. 

Any tendency on the part of one machine to pick up 
load from the others has no effect on its field ; rather the 
machines are now in the position of having drooping 
characteristics to such changes, the series winding not being 
involved ; so stability is maintained. 

Even if the current is reversed in the armature of one 
machine there is no change in the series field current, and the 
polarity is safeguarded from reversal. 

The figures against various parts of the circuits in 
diagram (&) represent the current in amperes for a supposed 
case of unequ^ loading of the machines, the part played by 
the equaliser being thereby clearly shown. 

The series winding is shown as on the negative side, but 
it might equally well be on the positive side : obviously, 
machines to run in paraEel must aU have their aeries 
windings on the same side for equalising. 

Sometimes the equaliser connections are brought to 
switches and an equalising bar on the switchboard, wliilo 
often the switch is mounted on or close to each machine, 
and an equaliser cable is run from one to the other. 

In aU cases the equahser switch must be clo.sed before, 
or at the same time as, switching the machine on to the 
bus-bars, and not opened until after switching off load. 


CHAPTER 111 

THE aONTINUOUE CUlUiENT MUTOIi 

Motoring Torque and Back E.M.F. — If wo take a shunt- 
woimd c.c. generator which is running in parallel witli 
other generating plant, and gradually reduce the field tlie 
armature ciuTont will fall to zero, 

A further reduction will cause the generated pressure 
to fall until a current begins to flow in the opposite direc- 
tion through the armature, and by applying the left-hand 
rule we sec that the conductors are now acted upon by a 
force urging them onwards in tlic direction of their former 
rotation. 

It is to bo obsciwed that the field cuiTent is not reversed, 
tlie signs of the terminals remaining imclianged, and th(^ 
])r(issur(‘. gonc'.rated in the armature only having fallen to 
a coinparativoly small extent below its former value. 

The current will depend on the diflierence between tli«‘ 
goiK'rat'd e.m.f., or back e.m.f. as it is now called, and tin? 
pressure* su])plicd by the othej- generators, this being known 
as the im])ressed pr(‘.HS\ire. 

By extending the fingem and thumbs of both hands 
togeth(‘v, as in the right- and leftrhaiid ndes, and giving tin*. 
saiiK' direction to flux and motion in each, the relation 
between the current caiLsing the motion, and the back 
e.m.f. generated as a result of that motion, may be readily 
seen. 

‘M 
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The engine which we have assumed as driving the 
machine as a generator previously may now be left out of 
consideration, the latter acting as a motor receiving 
electrical energy from the other plant and converting it 
into mechanical energy of rotation. 

If the armature is stationary and an external supply is 
connected thereto, current will flow in the winding and the 
armature will rotate, the direction of the motion depending 
on the relation between the flux and the armature current. 

The winding is divided by the commutator brushes 
into sections, so that all the conductors under poles of 
the same sign have their currents in the same direction, 
while in those imder poles of different sign the currents 
are in opposite directions. 

All the conductors therefore produce a rotating force 
in one direction. 

A back e.m.f. will be induced in the conductors by 
their motion through the flux, and the difference between 
this and the impressed pressure ^011 adjust itself auto- 
matically, until it is sufficient to transmit the power 
required to maintain the rotation of the armature against 
the various opposing forces, such as friction, -windage, etc. 

Should this difference be too small, the machine "will 
slow down -until the faUing of the internal e.m.f. allows a 
larger current to flow, while if the difference is too great 
the excessive current ca-uses -the speed to rise, increasing 
the back e.m.f. and thus reducing the power input. 

Changes in the load being driven by the motor are met 
in this fashion, the speed variations of a shunt-wound 
motor in actual operation being comparatively small 
between no load and full load. 

Variation of the field strength of a motor has the effect 
of varying the speed ; a decrease in the flux, by reducing 
-the back e.m.f., increases the armature current and raises 
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the speed, while increasing the field strength reduces the 
speed. 

Commutation. — In a motor, exactly as in a generator, 
the conductors have their currents reversed as they pass 
under the brushes. 

There is this difference, however, that in any active 
part of the winding, the current is in the opposite direction 
to the induced e.m.f., so that to assist in bringing it to zero 
and to build it up in the reverse direction, each coil must 
still be subjected to this opposing e.m.f. after reaching the 
brush. The interpoles, then, must be of the same sign as 
the poles behind them, or the reverse of that which obtains 
in a generator. 

These relations are shown in Fig. 11, (a) representing 
the conditions for a generator, and (6) those for a similar 
motor. 





Fig. n. 

The direction of the armature cuiTents is shown, those 
in' (6) being in opposition to the induced e.m.f. 

In the conductors under the interpoles the direction 
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of the ciraent on arriving at the point of reversal is shown, 
while the crosses and dots in the airgap indicate the 
direction of the reversing e.m.f. induced by the interpole 
flux. 

In a machine which is req^uired to run either as c.c. 
generator or motor at diflerent times, the interpoles change 
their signs according to the way the machine is operating, 
as their exciting coils are connected in series with tlie 
armature circuit. 

This applies to the rotary converter, which may be 
used for conversion from a.c. to c.c. or the reverse, and 
may therefore be considered as generator or motor accord- 
ing to circumstances. 

The reader is advised to try all these relationshijis over 
by the right- and left-hand rules, in order to get a thorough 
grasp of the matter. 

Armature Reaction. — It will also be seen from Fig. 11 
that, as compared with a generator, the armature cross flux 
in a motor will be in the opposite direction relative to the 
fleld poles, strengthening the flux at the leading edges and 
weakening it at the trailing edges. The main flux is 
therefore distorted in the opposite direction to that of 
rotation. 

Field Excitation. — ^Motors intended for use solely as 
such may have their field excitation either shimt, series, or 
compounded, this depending on the service for which they 
are designed. 

Compounded machines intended to run as either motor 
or generator, should have arrangements to enable, tlie. 
series winding to be reversed or cut out when motoring, 
to prevent weakening of the field by the reversed current 
in the armature dicuit. 

Starting. ^When a motor is running, the diflerence! 
between the back e.m.f. and the impressed pressure is 



THE CONTINUOUS OUBBENT MOTOB 


41 


quite small, being just enougb to produce tbe current 
required for the load, through the low resistance of the 
armature winding. 

With the armature stationary there is, of course, no- 
back e.m.f., BO that it is impracticable to apply the full 
pressure for starting on account of the heavy current 
which would be produced before the machine could get up- 
sufficient speed to generate a back e.m.f. of the required 
value. 

It is necessary, therefore, to use a special starting device, 
the object of which is to restrict the ciucrent in the motor 
circuit until the back e.m.f. has built up sufficiently to 
perform this duty. 

This is done by means of suitable resistances, the whole 
of which are put in series with the armature at first, being- 
afterwards cut out step by step as the speed rises. At 
each step the current momentarily increases, so speeding 
up the motor until, the back e.m.f. having attained a 
higher value, the current falls to a minimum figure, when 
the next step may be cut out. 

When full speed has been reached the whole o£ the 
resistance is cut out of circuit and the back e.m.f. then 
automatically controls the current in the machine, as 
e.xi)lamed earlier. 

It is most im])ortant that the pressure should not be. 
a|)])lied to the machine, unless all the resistance is in circuit, 
and that the steps should not be cut out too raj)idly before 
the back e.m.f. Inxs had time, to rise to com])ensatc for 
the reduced resistance. 

Motor starters are usually c(|iiii)ped with various safety 
devices to ensure that essential requirementH are complied 
with. 



CHAPTER rV 

THE ALTERNATING CURRENT GENERATOR AND MOTOR 

Alternating Pressure. — An alternatdng pressure is one 
which, is contimially varying from a maximum in one 
■direction to a maximum in the other. Such a pressure 
is required on the a.c. side of the rotary converter, and 
is obtained from the same lap-connected winding as 
produces the continuous pressure at the commutator. 

The complete series of changes, known as the cycle, is 
assumed to start from zero ; the pressure going to maximum 
in one direction, back to zero, then to maximiun in the 
other direction, and back to zero once more. 

In the single-phase machine, such as we are consideiing 
at present, two connections are made to the winding at a 
distance of one pole pitch apart, and these are brought out 
to two sliprings mounted on, and insulated from the shaft. 
Stationary brushes pressing on the rings provide a sliding 
connection between the rotating winding and the stationary 
terminals of the machine, and so to the external circuit. 

One cycle is completed while the tappings move through 
the distance of two pole pitches, so that in one revolution 
•of the armature the number of cycles gone through will be 
equal to the number of paire of poles in the field. The 
number of cycles gone through in one second is known as the 
frequency or periodicity, and is equal to the number of 
pairs of poles multiplied by the number of revolutions 
per second. 
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Electrical Degrees. — For maiihematical treatment the 
cycle is considered as being divided into 360 degrees, 
similarly to a circle, the points of zero pressure being at 0, 
180 and 360 degrees, the latte? corresponding to 0 degrees 
for the next cycle. Points of maximum pressure are 
midway between the zero points, or at 90 and 270 degrees. 
When the field is of only two poles, the pressure between 
tappings will go through one cycle for each revolution 
of the armatme, and the progress of the cycle in electrical 
degrees will equal the progress of the armature in 
geometrical degrees. 

With multipolar fields, however, there will be a gi'eater 
nunrber of electrical degrees per revolution than of geo- 
metrical degrees, the latter always numbering 360, while 
the former will be equal to the number oC pairs oE poles 
multiplied by 3G0. 

Stated simply, one pair of poles corresponds to one 
cycle or 360 degrees, the pressm’e between tappings going 
through one cycle while the conductors between them are 
])as8itig tluough two pole pitches, so that the distance of 
one pole pitch, with which tlie reader is aheady familiar, 
equals 180 electrical degrees. 

Excepting where specified otherwise, the degi’oes 
mentioned throughout the remainder of tliis book will be 
electrical degrees, (Hjuulling 360 per pair of poles, or ])er 
cych*,. 

Alternating Pressure from the Lap Winding.— The 

maximum ]jr(issur(‘, obtainable from the lap winding is seen 
to b(*. that <*xLsting between two neutral points situated 
one pole ])itch apart ; this, therefore, wiU be the maximum 
value of the alternating pressure. Two tappings made to 
the winding at this distance apart will have the full pressure 
between tliem when tliey are at the neutral points, while 
midway Ix'.twceii tlui neutral positions the prossme will b(*. 
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at the point of reversal or zero. Considering the stationary 
groups of e.m.fe. induced in the winding when it is 
revolving, the tappings may be looked on as spanning each 
of these in turn, and as successive groups are in opposite 
directions, the pressure between the tappings vdll alternate 
also. 

In a multipolar machine tappings are made at intervals 
of one pole pitch apart round the winding. Those situated 
an even number of pole pitches apart have no difference 
of pressure between them, and are therefore connected 
together, so forming two groups, each of which is taken 
to a separate slipring. 

In Tig. 12 is shown part of the armature winding and 
field magnet system of a multipolar machine, corresponding 
to that represented in Tig. 5. As the tappings rotate with 
the winding, a series of diagrams might be given showing 
them in successive positions. These diagrams, however, 
would be identical except for the positions of the tappings, 
the signs of the field poles and the directions of e.m.fs. 
induced being the same in all, therefore one only will serve. 

The successive positions of the tappings are shown at tho 
top, or back end connections, the first position being shown 
directly on the winding, and the succeeding ones projected 
above it to prevent confusion. By this means the relative 
situations of the tappings at different parts of tho cycle 
may be readily' seen. 

Commencing with the position marked 0 degrees, by 
tracing out the winding it will be found that of the twelve 
conductors between a and 6 there are five having e.m.fs. 
in each direction, and two in the neutral zones of the field. 

The pressure between tappings a and I will therefore 
be zero. 

In the next position 90 degrees later, there wdll be ten 
conductors aU having their e.m.fs. in the same direction. 
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from a to 6 in tke winding. The pressure between the 
tappings will therefore be a maxunum, and will be from 
6 to a in the external circuit, as shown by the an'ow-hoads 
on the broken line between the tappings. 

Proceeding on these lines the complete cycle may bo 
followed, the position at 180 degrees giving zero pressure ; 
270 degrees maximum in the opposite direction to that 
at 90 degrees, and 360 degrees zero once more, the section 
of the winding being now in the same position relative to 
the field as it was at 0 degrees, but under the next pair of 
poles. Further movement will then repeat the cycle, and 
so on for each pair of poles in the field. 

By taking a third tapping cut situated 180 degrees ahead 
of h it may be seen that the pressure between h and aa will 
be 180 degrees ahead of that between a and 6. That is, 
at any instant, that section of the winding between 6 and 
<m will occupy a position in the field which will be reached 
by that between a and 6 180 degrees later. The two 
pressures being displaced by 180 degrees, or half a cycle, 
will therefore be in opposition at aU times. In the position 
shown for 0 degrees in Fig. 12, both will be zero ; at 90 
degrees they will be from a and aa to 6, while at 270 degrees 
they will be from 6 to a and aa, having reversed at the 
zero position, 180 degrees. 

Sections of the winding between further tapj^ings made' 
at 180 degree intervals will have their pressures correspond- 
ing in value and direction with those already considered, 
being spaced at intervals of 360 degrees from one or other 
of the first two, and therefore situated similarly with respect 
to the field. This can be seen from Fig. 13, in which is 
shown the progress of the tappings of a four-pole winding, 
taken at intervals of 90 degrees during one cycle. 

Observing the directions of the e.m.fe. induced in the 
conductors, as indicated by the arrow-heads on the circle. 
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tJie position at 0 degrees gives zero pressure between tbe 
tappings. A small movement of the armature results in 
the tappings being advanced with respect to the distribu- 
tion of the e.m.fs. in the winding. There will then be 
between the tappings more conductors having e.m.fs. 
in one direction than in the other. The effective pressure 
win therefore be equal to the difference between these 
two opposing groups of e.m.fe. 



Fig. 13. 


As the rotation of the armatiu'e continues, the 
inequality of the opposing e.m.fs. between tlie tappings 
increases, and the effective pressure becomes greater until 
the position shown in Fig. 13 for 90 degrees is reached, 
when all the e.m.fs. are in the same direction and maximum 
pressure exists between the tappings. With furtlu'r 
rotation the arc of the circle between tappings begins to 
include a part governed by an opposing arrow, indicating 
the introduction of opposing e.m.fs. The effective pressure'- 
therefore falls until zero Ls reached once more. 
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Diagram of Pressure Wave. — A diagram can be made 
wbicb mil show the value and direction of the pressure at 
Any part of the cycle. 

In Pig. 14 the horizontal line represents time, and on 
it any convenient length can be marked off to represent 
the duration of one cycle. The beginning and end of the 
■distance thus marked ofE will be points of zero pressure, 
while midway, at the end of the half-cycle, will be anotln’r 
zero point. The instants of maximum pressure will be 
midway between the zero points, and considering the- 
horizontal line to be also the line of zero pressure, the two 
maxima will be, one above and the otlier below the Z(*ro 



Fig. 14. 


With a uniform distribution of the field flux, etpuil 
movements of the winding in equal times will bring about 
equal changes in the pressure between tappings, so that the 
pressure will rise and fall at a imiform rate bcjtween zero 
•and maximum. This is represented by the zigzag line in 
Fig. 14, the height of the maxima being marked ofli to a 
suitable scale of volts, the intermediate heiglits cojm’i*- 
sponding to the pressure at any particular ])art of tlie cycle, 
while the reversal of direction is shown by tlui ])reHHur(*s in 
successive half-cycles being measured alternately above 
And below the zero line. 
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A.s tlio cyclt*, i)rogr(!HH(\n uniformly witli the iucvcaae of 
time, the buHO line may be marked in degrees instead of in 
fractions of a second, the. diagram tlwm giving a direct 
indication, at any point in tlu^ cycle, of the moveimmt of 
tlui tapjmigs from the position of zero preasui’c. 

From Fig. 14 it will n^adily b(i seen that; two equal 
pn'ssures dis'i)lac(‘tl by (h’sgrecjs would be*! at all times 
etpial in valu(‘. and opj)osit('. in ilirec^thm to each other, by 
drawing a se.coml pr(‘ssuri^ lint'., or wave, having its corre- 
sponding ])oinis (li.s])lae.ed by half a cye.le from those of th^^ 
lirsi. 

Sine Wave of Pressure. »Siie.h a wuvt^ of prcissure 
Viiriation as is shown in Kig. M is not hy any nie-ans of a 
(le,siral)l(‘ sliajH'. Kor a variety of teeiinical rtMisons thores 
is one ■|)arlie.ular “wave fttmi,” as it is called, which is 
most suitabh'. This is known as a “ sini'. wave," and has 
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the form showji in Fig. 15, in which a certain relation exisln 
between tlii' instantanttous value of tlu^ pre.MHijnt at any 
part of the eyele, tint maximum pressurt*, and the distance 
in degrees from tlu^ e.ommenetunent of the cycle. Tlitsse 
art^ rela ted by what, is known jis a sine. law, so that tlu^ ratio 
(;! ll\e instantaneous value, to the maximum is (upuil to tliei 
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sine of the angle of the same number of degrees as that ut 
which the instantaneous pressure is taken. 

Thus, when the pressure has advanced 30 degrees from 
zero, its value is 0*5 of the masdmum, 0*5 being the sine of 
an angle of 30 degrees. At 45 degrees the value is ()*7i)7 
and at 60 degrees 0*866, these being the sines of iJie 
respective angles. 

Comparing the wave of Kg. 14 with that in Kg. 15, it 
wHl be noticed that whereas in the former the height of l>ln‘- 
wave changes at an equal rate at any part of the cycle, in 
the latter the change of h aigh t is unequal at different ])aTtiH 
for equal distances on the base line. 

In particular it will be observed that the rate of ohang<s 
as shown by the slope of the curve, is greatest about 
zero point in Kg. 15, and least about the maxnnuiii, where*, 
in fact, the curve is momentarily horizontal. 

Now, in Kg. 14 it was assumed that the e.ni.f. induced 
in the conductors was the same in any part of the field ; 
that is, the rate of cutting the flux by the conductors was 
uniform over the whole of the field. To obtain a siiu*. wav(‘. 
of pressure, however, it is necessaiy to arranges tliat f lu^ 
e.m.f. induced shall vary with the position of the e.on(luct.oi* 
in the field. This is done by shaping the pole faces so 
that the airgap is wider under the leading and trailing 
edges than under the centre of the polo, the fact's being 
formed to a larger radius than that frojn the c(‘.nti*e of tin' 
face to the centre of the amiatiure shaft. Tlie result is that, 
the flux is denser towards the middle of the polt*. face owing 
to the lower magnetic reluctance of tlie nan*owi*i* airgap, 
and by proportioning the oirgai) suitably any d<‘sir(‘d wavt* 
form may be obtained. 

When the armature conductors immediately conn(‘ct<‘d 
to the tappings are in the neutral zones of the field and l lni 
pressure between the tappings is at maximum, furUu*!* 
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movement introduces opposing e.m.fs. and so reduces the 
efEective pressure, as explained earlier. With the modified 
airgaps just referred to, the opposing e.m.fs. are com- 
paratively small, being considerably below the average 
for the whole group, as the conductors in which they are 
induced are in the weakest part of the field. The result 
is that the crest of the wave loses its pointed form, its now 
flattened shape showing the much more gradual change of 
pressure about the maximiun of the wave. On the other 
hand, when the pressure between tappings is zero, the 
e.m.fs. in the two halves of the group of conductors being 
equal and opposite, further rotation adds to one direction 
e.m.fs. induced in conductors in the strongest part of the 
field, and thus having more than the average value. The 
rate of change of the pressure is therefore increased about 
the zero of the wave, as is shown by its steeper slope in this 
region. 

Virtual, or R.M.S. Values. — Pressures and currents 
are measured by the effects which they produce imder 
certain conditions. 

In a given circuit the power expended is at every instant 
proportional to the square of the pressiue applied, or con- 
versely, the pressure is proportional to the square root of 
the power. With a continuous pressure the power rcniaiiis 
constant while the circuit conditions are unchanged, and tin*, 
average power is e.tiual to the maximum. 

With an alternating pressure, however, the i)ower is 
continually varying between zero and maximum, so that 
the average value is less than the maximum. What is 
required, then, for an alternating jm^ssure, is a nominal 
value which shall be equal to a continuous pressure pi'o- 
ducing the same ])ower, and this nominal value will, of 
course, be less tlian the maximum. 

The average power is equal to the average, or mean, of 
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the squares of the instantaneous values of tiu*. prcssun.s 
taken at successive instants throughout one half-c’-yeh*. 
The equivalent continuous pressure is proportional ti> the 
square root of the average power, so that tlie nominal value 
of the alternating pressure will be equal to th(J squari* root 
of the mean of the squares of the instantancouH values of 
the pressure throughout one half-cycle. 

The same line of reasoning may be applied to the 
current, as in a circuit of given resistance the i)()wer is a 1 
any instant proportional to the square of tlu^ (‘urrent. IMu* 
nominal value of an alternating current, thercdiu’e, will la* 
equal to the square root of the mean of the sciuan^s of the 
iustantaneous values, taken throughout one lialf-(\v('h*. 

This nominal value is called the “virtual " or “ rooj- 
mean-square ” (K.M.S.) value., and for a sine wave is e<]uul 
to 0’707 of the maximum value ; conversely, tin* muxiiuuiu 
value is r41 tunes tlie virtual value. 

Voltmeters and anmietei's used in a.c. practh'e iiulicide 
the virtual values of pimsure and ciurent respect! v(‘lv. uiul 
aa in all ordinary work the assumption is made of *a sine 
wave form, the readings of these instrunu'iits inusl. hi- 
multiphed by r4], to obtain the maximum valut‘s. 

Subject to such modification as is ex])lain(Ml later in this 
chapter when dealing with power factor, the produel of 
^e virtual values of the pressure in volts and tlni current 
in amperes will equal the power in the circuit in watts, as 
in c.c. practice. 

Aimature Reactions. — The armatim* rea(d'i()ns ])!•()- 
duced by an alternating current in the. hq) winding wit h 
tappmgs at 180 degrees, are somewhat <lifi‘(M*ent to those 
from the same winding when supplying u load at con- 
tinuous pressure, hi the latter case tin* distribution of 
current in the winding is identical wdth the (mn.fs. 
induced, and produces stationary fluxes juidway l)etween 
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the field poles. In the alternator, however, the condi- 
tions are different, arising out of the fact that the pomts 
where the current is entering or leavmg the windmg (the 
tappings) are rotating with the winding. 

When the tappings are midway between the field poles, 
the current, then at maximiun, has the same distribution 
as in the continuous pressure machine, and the effect on 
the field is the same, a distortion in a forward direction. 
As the tappings move forward from this position, the centre 
lines of the armature flux, which coincide with the tappings, 
move forward also, and the current decreasing at the same 
time, the distortion becomes less until, when the tappings 
are under the centre of the poles, the cim’ent is zero and tho 
field flux therefore imdisturbed. 

As the tappings move forward from this zero position 
fluxes arise of opposite sign to those of the field poles, and 
as the centre lines of armatiue flux and field flux do not 
now coincide, the latter is distorted in the direction of 
rotation once more, the distortion increasing until th(i 
tappings are midway between the poles, when the armatiiro 
current is at maximum and the distortion therefore greatest. 

The total result is that the field distortion is inter- 
mittent, the flux swinging forward and back to normal for 
each piilsation of the armature current, or twice in each 
cycle. 

Load Torque. — As the power output varies l)(!tw(‘ieii 
zero and maximum during each half-cycle, the load tor([U(‘- 
on the machine will pulsate likewise, twice in each cycle. 

Fleming’s right- and left-hand rules show that when tlui 
current in an active conductor is in thi^ same direction as 
the induced e.m.f. it produces a force opposing the motion 
of the conductor, or a load tortpie. Wlien tho cuirent is 
in the opposite direction to the induced e.m.f. the resulting 
force is in the direction of motion, or a motoring toi-cpie.. 
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Now the current in any section of the winding tinder 
consideration will flow in accordance with the total, or 
effective, pressure between the tappings. 

"When the pressure is at maxunum all the induced 
e.m.fs. are in the same direction as the current and the 
torque is wholly a load torque. At any other instant 
between TnaYiTmiTn and zero there are certain conductors 
the e.m.fs. in which are in opposition to the effective 
pressure between tappings, and consequently in opposition 
to the current. These conductors will therefore be acted 
on by a motoring torque in opposition to the load torque 
on the other conductors. The load torque will always be 
the greater of the two, however, as the current is always 
in the direction of the induced e.m.fs. in the larger number 
of conductors, and the effective torque on the armature at 
any instant will be equal to the difference between the two 
opposing torques, and will be a load torque. 

The value of the effective torque at any instant is pro- 
portional to the power at that instant, and as the latter is 
equal to the product of the instantaneous value of the volts 
and amperes, a curve may be constructed which will show 
the variations of the power or the torque. This curve is 
shown in Fig. 16, and is a sine curve of twice the fre- 
quency of the curves from which it is derived. As the 
pressure and current are both in the same direction at any 
instant, they will always be positive with respect to each 
other. There products, therefore, will always lie on the 
same side of the base line of the power curve, showing that 
the power, although it falls to zero twice in each cycle, 
never reverses. 

The average hei^t of the power curve over one cycle 
is equal to one-half its maximum height. 

Effect of Phase Displacement. — So far it has been 
assumed that the current in the winding has been in phase 
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with the efEective pressure. That is, the two have gone 
through the cycle of changes together, passing through 
zero and maximum at the same instants as each other. 

In practice, however, it often occurs that the pressure 
and current are not in phase, there being a displacement in 




Fig. l(j. 


tiiiKj between their passage througli corresponding parts 
of tlieir respective cycles. 

At first sight it may ap])ear somewhat strange that tlio 
curi-ent does not vary directly with the prcssiu’c in the 
machine. 

Some of these displacements may, however, be traced 
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to the presence, somewhere in the syntem coimeoted to tho 
machine, of other sources of alternating pressure which aro 
out of phase with that generated by the machine imdeir 
consideration. 

In these circumstances the efiective pressure acting in 
the system is not solely that due to our generator, but the 
result of the combination of this and the pressure from the 
other source or sources referred to. 

The current then flows in accordance with this resultant, 
as it is called, and may therefore be displaced in phase 
from the pressure in the generator, this depending on tho 
phase relationship between the latter and the resultant. 

The foregoing applies to those oases where the current 
is displaced behind the pressure, and also to some of th<5 
oases where the current precedes the pressure. 

In other instances of the latter displacement this i.s 
the result of a phenomenon which is to be obseiwed in a 
circuit when subjected to an alternating pressure, whilo 
the condition may even arise when the circuit is incomplete, 
that is when no current would be produced by a continuous 
pressure. 

Consideration of the causes of two alternating pressures 
or currents in the same cireuit, and the resultant arising 
therefrom, will be deferred to a later section, our objecb 
being now to deal with the effects of a phase displacement 
between current and pressure on the operation of tlio 
machine. 

In the first place, the amount of displacement may bo 
measured either in time or degrees, as the progress of the 
cycle is uniform with that of time ; it is the invariablo 
practice to use degrees. 

When the current precedes the pressure it is said to bo 
leading,” while a displacement in the other direction is 
Imown as “ lagging.” 
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Thus if the current is lagging by 30 degrees, wlien the 
pressure has reached maximum in a given, direction the 
current ■will only be at 60 degrees from zero in the same 
direction, and so on throughout the cycle. 

In drawing the sine curves showing pressure and current 
in phase the same scale of degrees serves for both, as both 
begin the cycle at the same instant. 

When there is a displacement between them, however, 
a different starting point must be used for each curve, the 
two points being separated by the correct distance corre- 
sponding to the number of degrees displacement. 

For example, "with a current lag of 30 degrees, the 
commencement of the pressure cycle would occur on the 
zero line a distance equal to one-twelfth part of a cycle, 
or 30 degrees before the beginning of the cun’ent cycle, as 
in Fig. 17. 

The current curve as a whole is displaced to the right 
from the pressure curve, showing the later occurrence 
of its series of changes as compared with those of tlie 
pressure. 

As the maxim-um current no longer coincides -with tlio 
maximum pressure the maximum torque ■will not be as groat 
as when these two occur at the same instant. 

Furtliermore, the torque will be at zero four tiiiU‘H in 
each cycle, while at certain times the pressure and cur- 
rent will be in op])osite directions, producing a motoring 
torque. 

When the pressure is zero the current has half its 
maximum value, but as at this instant the armature 
tappings are ecjuidistant on either side of the neutral 
points of the winding the conductors between tliem ar<* 
divided into two equal groups in fluxes of different sign and 
therefore producing opposing ■torques ; consequently the 
effective torque is zero. 
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Again, wken iihe current is zero there is, of course, 
torque although the pressure is at half maximuin valut? * 
The torque curve during one cycle, then, consistfi 
two periods of load torque each followed by a short inteJ^ 




of motoring torque, the torque passing through zero at tilts 
four points of reversal. 

Multiplying together the instantaneous values of tlio 
^0 curves in Fig. 17 , as before, the torque curve is as shown, 
in the figure. 

Where the two curves are on either side of the ztii'o 
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line one is negative to the other, so that their product will 
be negative ; this causes the torque curve to lie, at those 
parts, below its zero line, showing the reversal of torque. 

As compared with Fig. 16, it will be seen that the 
average load torque over one cycle will be less, partly owing 
to the smaller maximum and partly to the periods of 
motoring torque, so that the power required to drive the 
generator will be less when the current is out of phase. 

Under these conditions the machine will be generating 
during parts of the cycle and motoring during other parts, 
dehvering power to and receiving power from the rest of 
the system to correspond. 

The effective output will be equal to the difference 
between the output and the input, and will therefore be 
less for a given pressure and current the greater the phase 
displacement between these two. 

When the current is displaced by 90 degrees, as in Fig. 
18, the torque curve will be symmetrical about the zero- 
line, the load and motoring maxima having equal values. 
The average torque on the armature will then be zero, 
the machine generating and motoring alternately during 
successive quarter cycles. 

At the instant of niaxinium current the conductors will 
h(* (>(|ually divided between fluxes producing o])])osito 
effects and the ])ressure will therefore be zero, while when 
th(‘ conductors are all in fluxes producing cuinulative. 
effects and tlie ])i-essure a nuixiniuni the curnmt is zero, 
both conditions ])roducing zero torque;. 

With h'.ading current th<; effect is the sanu' as with 
lagging, a r(;(hiction of the. effective; output for a give'U 
value of the curr(;nt. 

Power Factor.-— In ord(;r to find tlu; actual power given 
out by an alternator it is not sulHch'.iit luen-ly to inulti])ly 
together the values of the volts and ani])eres as witli 
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Kjontinuous curreiit. Doing this gives wliat is known as the 
apparent power, and a correcting factor must he applied 
to allow for any phase displacement between current and 
pressure, before the actual power can be known. 




Kg. 18. 


This is the Power Factor, and is the ratio between tlic 
actual power and the apparent power. 

When current and pressure are in phase, the actual 
power equals the apparent power and the power factor 
is I’O or unity. 

With lagging or leading current the power factor becomes 
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less as the displacement increases, imtil when the latter 
equals 90 degrees the power factor is zero and the actual 
power nil. 

It will be clear tliat for a given pressure and current the 
power is greatest when these are in phase, while conversely, 
for a given power the current will have the smallest value 
when it is in phase with the pressure, any displacement 
requiring an increase of current to maintain the same 
effective power output. 

Instruments are in use for indicating the power factor 
directly on a scale graduated from 0 to I'O, and by multi- 
plying together the readings of the voltmeter, ammeter, and 
power factor indicator, the actual power is found. 

Indicating watt-meters are sometimes used to give tlie 
value of the actual power by direct reading ; the pow<jr 
factor will then be equal to the actual watts divided by the 
product of volts and amperes. 

In order to distinguish between real and apparent power 
tlie former is reckoned in watts and the latter in volt- 
amperes, the kilo-watt (kW) and kilo- volt-ampere (kVA) 
being derived from these. 

The importance of the power factor will be evident whi'ii 
it is remembered that from the electrical point of view tlu'. 
loading of alternatoi's, cables, or other apparatus is limited 
by the current which they will carry without ovtu’heating. 

The nearer the ])Ower factor is to miity, then, the larger 
is the amount of ])owcr which sucli apparatus can deal with, 
and the greater the efficiency with whicli they may 
utilised. 

The expression “ wattle.ss current ” is one which is- 
often loosely used in comiection with the subject of power 
factor, and may mislead the non-mathematical reader. 

This is an abbreviation of " wattless component of 
current,” and arises from a practice employed in cc'rtain 
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■calculations of considering a current, when out of phase 
with the pressure, to be made up of two separate com- 
ponents, the calculations being facilitated thereby. 

One of these components is assumed as being in phase 
with the pressure, and is known as the power component ; 
the other, displaced by 90 degrees from the pressure, is the 
wattless, or idle component. 

The power component is equal to the actual current 
midtipUed by the power factor, so that the product of the 
p)Ower component and the pressure equals the watts real 
power in the circuit. 

The wattless component, displaced by 90 degrees, has 
no power associated with it, and if multiplied by the 
pressure, the product is known as the wattless volt-amperes. 

It is particularly to be observed that although the actual 
■current is larger than either of these assumed components, 
yet it is less than the sum of the two when these are added 
■directly. 

Mathematically, the power factor is equal to the cosine 
of the angle of current displacement, while the wattless 
■component is equal to the product of the current and the 
^ine of the same angle. 

Reversal of Power and Torque. — ^Returning to the 
torque or power curves in Jigs. 16, 17, and 18, when the 
current and the pressure are in phase this curve lies wholly 
on one side of the zero Une, while a displacement of the 
current causes a part of the curve to appear on the otlier 
side, the amount increasing with the angle of displacement 
until 90 degrees is reached, when the curve is equally dis- 
posed on either side of the zero hne. 

If the current is displaced by more than 90 degrees the 
result is a reversal of the effective power from its former 
direction, the curve now lying more on the motoring side 
of the zero line, until when the current is 180 degrees out 
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of phase, or in opposition to the pressure, the torque is 
wholly a motoring one. 

The force on the armature conductors, instead of 
opposing the rotation, now assists it by acting in a forward 
direction, the machine taking power from the external 
system and running as a motor. 

It will, of course, be understood that only when another 
alternator is connected to the system can this state of 
matters be brought about, the interaction of the pressures 
from the two sources causing the current to be displaced 
more than 90 degrees from that generated by the machine 
imder consideration, this not being otherwise possible. 

The way in which this is done will be dealt with more 
fully later on, it being desired now to call attention to the 
following relations between the current, pressure, and power 
or torque in an alternator. 

When cxirrent and pressure are in the same direction 
(no phase displacement) the power is a maximum, generated 
or output. 

When maximum of one corresponds with any value of the 
other less than maximum but in the same direction (lag 
or lead less than 90 degrees), the power is smaller for the 
same current. 

When maximum of one coincides with zero of the other 
(90 degrees lag or lead) the power is zero. 

When maximum of one corresponds with any value of 
the other, less than maximum and in the opposite direction 
(lag or lead more than 90 degrees), the ])ower is ininit and 
the toriiue motoring. 

When maximum of each occurs at the same instant, 
but in o])])Osite directions (180 degrees or maximum dis- 
])lace.ment), the input of ])ower and motoring torqmi is a 
maximum for a given current. 

Armature Reactions of A.C. Motor. — As with the e.e. 
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machine, so in the alternator tlie poles of tlie annuture 
flux change their sign with tin? reversal of t'hc tonjiie finnu 
generating to motoring. 

The armature current being in tin*. r(^vers(' (lireetioii to 
the cfl'ectivc pressure between tnjjpings. I'.lie anniiturc 
poles are of the same sign as tlu;fi(‘ld ])ok'H l)eliin(l them ; 
the main flux is therefore distorted in the opposite 
dii'ection to tliat of rotation. 

DIteot of Lag or Lead on Armature Reaction. 
centre lines of the armature flux corresjjoiul with t-lui posi- 
tion of the tappings to the winding, as th(‘S(‘ are tlie ] joints 
on either side of which the current is in opposite* dii-ei-tions 
in the conductors. 

The position of maximum })r(.‘ssure is wluni th<‘ tappings 
are midway between the field ])oles, and when the eiirrenlp 
maxiimmi occurs at the same instant tin* armatun* cross 
flux, of tho same sign as the next poles ahead, distorts the 
main flux in the direction of rotation. 

Wlion tho current is lagging, it rt'aehes maximum aft.er 
the armature has pa-ssed the po.sitioii of maximum pressiuv, 
HO that the poles of tlu* armatun* lliix are no long^'r e(pii- 
distant between the field poles ; tln.'V w'ill be nearer the 
next poles ahead. 

As a result tho distortion is une(pial, tluj weakeiihig of 
one pole tip exceeding tJie stiy*ngtln‘ning of the. other, the 
flux being reduced as W('ll a.s distorted. 

The greater the angle of lag tin? fui’tlun: on will tilu* 
armatino have iuove<l before current maximum oee-urs, 
and the more unequal the distortion, that is, the grcait.cr 
will bo the reduction of the total flux. 

At 90 degrees lag the contn? lines of armatun? poles and 
field poles will coincide at maximum eurnint and tin* 
woalcening of the field will 'be gn?atest. 

With a loading current tin* flehl flux will b(? increased, 
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as the armature current and flux will reach maximum 
before the armature reaches the position of maximum 
pressure, the centre hnes of the armature fluxes then being 
nearer to the field poles behind. 

When the machine is operating as a motor the conditions 
are reversed, the armature fluxes being of opposite sign to 
the field poles ahead of them. 

Lagging current will strengthen the field by bringing 
armature and field poles of unlike sign more nearly in line, 
while conversely leading current, by causing poles of like 
sign to approach each other, has the effect of weakening 
the field. 

To summarise the whole of these reactions. 

■ In a generator the field flux is distorted in the dhection 
of rotation, while in a motor the distortion is in the opposite 
direction. 

Lagging current weakens the field of a generator and 
strengthens that of a motor. 

Leading current strengthens the field of a generator and 
weakens that of a motor. 

All these effects are periodic, with a frequency twice 
that of the armature current, as they increase and decrease 
with the rise and fall of the current in each half-cycle. 
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CHAPTER V 

VECTOR DlAQRAMa, INDUOTANOS, AND QAPAOITANVE 

Resultant of Two Sine Curves. — To arrive at the resultant 
of two alternating pressures we may proceed by drawing the 
sine curves , of each, with, the proper phase displacement 
between them.' * 

At any instant the resultant pressure will be equal to 
the sum of the two if in the same direction, or their difference 
i£ they are in opposite directions, in the latter case the 
resultant being in the direction of the greater of the two. 

By measuring the distances of the two curves from the 
zero line at successive instants and adding or subtmotiug 
them according to their relative directions, a third ciirv(.^ 
may be constructed with the values thus obtained, wliicli 
will be the sine curve of the resultant and will have a phas(.^ 
displacement from one or both of the others. 

If the two pressures are exactly equal and have a dis- 
placement of 180 degrees they will balance each othc^r at 
every instant and the resultant will be zero. 

Two unequal pressures in opposition thus will have a 
resultant with a maximum value equal to tlie difference, 
between the two fundamental maxima, this resultant being 
in phase with the greater of the two and in opposition to tlie 
smaller. 

In Eig. 19 the heavy line shows the resultant of two 
equal pressures displaced by 38 degrees from phase 
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opposition, the maximum, of Ej occurring 38 degrees later 
than that of Eg in the opposite direction. 

Maxima of each in the same direction occur at intervals 
of 218 degrees and 14:2 degrees alternately, Ej lagging behind 
Eg by the former angle and leading Eo by the latter angle. 

The resultant is equally displaced from both the funda- 
mentals Ej and Eg, owing to their being of equal magnitude. 

Were they unequal the resultant would be more nearly 
in phase with the larger of the two, this having the greater 
efEect in the circuit. 



This inotliod of dealing with alternating quantities is 
somewhat laborious, besides giving a result which does not 
]n*eseiit such a clear picture of the relationships involved 
as can be obtained by other means. It has becMi given, 
however, as a preliminary to the introduction of the vector 
diagram, which is used for the same ])Uipose. 

The Vector Diagram.— It is not ])roposed to go into 
the theory of the vector diagram, but to say sufficient about 
it to enable the reader to have some idea of the propriety of 
its application to the subject before him. 

A vector may be considered as a straight line which is 
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rotating in an anti-clockwise direction about a point, 
known as the “ point of origin,” at one of its ends. Tlie 
motion is aiTyn’Inr to that of one spoke of a wheel, the free 
•end describing a circle, as in Fig. 20. 

If the length of the vector represents to some scale the 
TYia vi'TnnTn value of an alternating pressure which varies 
■according to a sine law, the vertical distance of its end 
■above or below the zero line horizontally through the point 
-of origin, will be equal bn the same scale to the instantaneous 
value of the pressure at that point in the cycle, measured 
;in degrees of rotation from the position 0°, which corre- 



sponds to the commencement of the cycle. The ratio 
•of these vertical distances to the length of the vector is, 
in fact, the sine of the angle through which the vector has 
moved from 0°, which suggests at once the derivation 
•of the sine curve, as stated on its first introduction in 
■Chapter IV., and shown in Figs. 16 and 20. 

Two pressures of similar frequency may be represented 
"by two vectors rotating about a common origin, and making 
sn angle with each other equal to their displacement in 
-degrees, as and E 2 in Fig. 21. The phase angle is the 
■same as between the two pressures in Fig. 19, Ej leading 
E 2 by 142 degrees. 
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eg* 

The passage of each of these through the zero and. 
maximuTn positions will, of course, be separated by the angle 
between them, while at any instant the vertical distances, 
of the ends of the vectors from the zero line wiU correspond 
to the instantaneous values of the two pressures, each being- 
at a different part of its own cycle. 

The resultant 'of Ej and E 2 is found by drawing a line 
from the free end of one of them, parallel to the other- 
and of equal length, then joining the end of this third Hne 
to the common point of Ej and E 2 . 



This last lino, marked Br in Fig. 21, will equal in length' 
the maximum value of the resultant, to the same scale as 
the fimdamoutaLs, while its displacement from either of them 
will be equal to the angle it makes with them. 

To the right of Fig. 21 are reproduced the curves from 
Fig. 19, the particular instant shown m the vector diagram 
corresponding to the vertical broken line through the 
curves : E 2 is at 90 degrees or maximum, E^ at 232 degi'ees 
rising towards maximum in the opposite direction, and Er 
at 101 degrees falling towards zero. 

Any other instant woidd be shown by the vectors ha-ving 
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rotated througli the necessary angle, while still retaining 
the same relationship to each other. 

If in Fig. 21 one of the pressures, say Ej, was greater 
than the other, it can easily be seen that the resultant would 
be advanced in phase so as to lag behind Ej by a smaller 
angle, the lead from E 2 being correspondingly increased. 

Kedncing the angle between the two fundamental 
pressures has the effect of increasing the resultant until, 
when the former are in phase incidence — that is, have no 
displacement between them — the resultant is equal to the 
sum of the two. 

Increasing the angle between them has the opposite 
effect, the resultant diminishing until they are in phase 
opposition, when it equals the difference between them. 

It will be appreciated by the reader that these relation- 
ships can be more easily worked out, and the result more 
readily presented to the eye by means of vectors than by 
working from the sine curves, and therefore he should 
familiarise himself with the use of these diagrams, which, 
after aU, to the degree in which they are used here, are very 
easily understood. 

As the lengths of the vectors correspond to the maximmn 
values of the pressures, by concerning ourselves with these 
only, instead of the instantaneous values at different parts 
of the cycle, we may dispense with the zero hne, and the 
diagram may be drawn in any position, so long as the 
correct scale lengths are applied to the vectors and the proper 
angle maintained between them. 

Further, the diagram may be used to represent virtual 
values by reason of the fact that these bear a definite ratio 
to the maximum values, so that if the same scale is used the 
vectors will all be proportionally shorter, and their relative 
values and phase angles unchanged. 

To be strictly correct, the expression “ vector diagram ” 
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has no meaning when applied to a dia^am of virtual values, 
as these do not vary according to a sine law ; on this account 
they are often called clock diagrams, although both terms 
are in common use. 

Alternating currents may also be dealt with by vectors 
in the same manner as pressures, while vectors representing 
both of these may be used in one diagram where it is desired 
to observe the relationships existing between them, each 
being drawn to its own scale of amperes and volts 
respectively. 

One or two further examples will be given illustrating 
points already dealt with in considering the efEeot of current 
displacement. 

In lig. 22 (a) a current, I, lags behind the pressure E. 
If I is projected perpen- 
dicularly on to B the 
length Ip is equal to the 
power component of I ; it 
is equal to I multiplied by 
the power factor, and re- 
presents the value which 
the current would have 
for the same actual power 
if the power factor were 
unity. 

A similar projection of 
1 on to a Line at right 
angles to E gives the 
length Im equal to the 
wattless component, and 
this represents the current 
which, if displaced by 90 degrees from the pressure, would 
produce a similar demagnetising efEect on the field of 
the alternator as is produced by the current I. 
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For this reason it is sometimes called the demagnetising 
component if lagging, or magnetising if leading. 

As a current which is in phase with the pressure has no 
idle component, so one displaced by 90 degrees has no 
power component, the projection of the current vector on to 
the pressure vector giving zero. 

If the current is displaced by more than 90 degrees, its 
power component falls on to the reversed projection of the 
pressure vector as in Fig. 22 (6), showing that the power is 
input to the source of the pressure E. 

As already pointed out, this condition cannot arise 
unless there is more than one generator in the system. 

In dealing with more than two alternating pressures or 
currents by means of vectors, first combine two of them and 
find their resultant. Then combine this resultant with the 
third vector, this second resultant with the fourth vector 
and so on. The final resultant, when all the vectors have 
been included, is the resultant of them aU. In practice 
this simplifies into drawing the various vectors end to 
end, the second from the end of the first, the third 
from the end of the second, and so on, with the necessary 
angle between the direction of each vector and its suc- 
cessor. The resultant of the whole, then, is a fine drawn 
from the free end of the last vector to the point of origin, 
as in Fig. 23. 

When the result is to form a closed polygon, the end of 
the last vector arriving at the point of origin, the resultant 
is zero, the various pressures or currents exactly balancing 
each other in the circuit. A case of this kind occurs in the 
lap-connected armature winding, where each conductor, 
considered separately, has induced in it an alternating 
e.m.f. The phase angle between successive conductors 
is equal to 360 divided by the number of conductors per 
pair of poles, and the e.m.fs. being equal, the diagram forms 
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a regular polygon having as many sides as there are con- 
ductors per pair of poles. 

The pressure between any two tappings to the winding 
is then found by drawing a line between two angles of the 
polygon the requisite distance apart. The length of this 
line, to the same scale as the vectors, is the resultant of 
the e.m.fs. ia the conductors between the two tappings. 



Now in a regular polygon, all its angles will lie on the 
same circle, so that we may sim^Dly draw a circle with a 
diameter representing, to a scale, the pressure between 
points 180 degrees apart in the winding. Then the pressure 
between any pair of tappings to the winding will be repre- 
sented by a line joining two points on the circle the corre- 
sponding number of degrees apart. 
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Induotanoe 

It lias been stated wben tbe cuirent lags bebind the 
pressure in a generator this may be traced to tbe existence 
of other sources of alternating pressure in the circuit. 

That this is so even when there is no other alternator, 
win appear from the following considerations. 

In earlier chapters we have considered an e.m.f. as 
being induced when a conductor cuts a magnetic flux, but 
this is true only when the cutting is done in such a manner 
as to vary the total flux linked with the conductor. 

Taking one turn of the lap winding which we have been 
studying, it wiU be seen that the flux through it varies in 
value from a maximum of one sign to a maxiTinni-n of the 
other sign. When the coil is linked with a flux of all one 
sign the e.m.f. induced is 2ero, the conductors then being 
m the neutral zones, while when the flux through the coil 
is half of each sign, the conductors being under the middle 
of the pole faces, the rate of change of the flux is greatest 
and the e.m.f. induced is a maximum. 

It is equally true, therefore, to say that when the flux 
linked with a conductor changes in value there is an e.m.f. 
induced in the conductor, the value of this depending on 
the rate of change of the flux. 

Now, we have seen that a conductor carrying a current 
is surrounded by a magnetic flux, the density of which 
varies with the current. 

This flux wfll be steady while the current remains steady, 
but if the current varies, the flux linked with the conductor 
win vary also, and in so doing will induce an e.m.f. therein. 
This is known as the e.m.f. of self-induction, or reactive 
e.m.f., and its direction will be such as to oppose the 
variation of the current, an increase of current causing 
an opposing e.m.f. and a decrease an assisting e.m.f. 
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Tills e.m.f. will only be present during the actual time 
that the current is changing in value, and disappears as 
soon as the current becomes steady once more. 

If the current is alternating, the flux and consequently 
the e.m.f. of self-induction will be alternating also. 

The times of maximum rate of change of the flux will 
be when the current is passing through zero, while when 
the current is at maximum the rate of change will 
momentarily be zero, and likewise the reactive e.m.f. 

If curves are drawn to represent these quantities, current 



Fig. 24. 


and flux, and reactive e.m.f., we get the result shown in 
Fig. 24. It will be observed that when the current begin.s 
to fall from maximum the induced e.m.f. tends to opposes 
the change and is therefore shown as rising from zero in 
the same direction. There is thus a displacement of 90 
degrees between the current and the e.m.f. of self-induction, 
the former leading the latter by that angle. 

The value of the reactive e.m.f. in a given circuit will 
depend on the current, as the rate of change will be greater 
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with a larger current. Similarly, with a given current in a 
circuit, the reactive e.m.f. will be greater the higher the 
frequency, as with the shorter time iuterval between 
successive maxima in opposite directions, the rate of 
change will be greater. 

The reactive e.m.f. combines with the pressure generated 
by the alternator, the resultant of the two becoming the 
efEeotive pressure in the circuit, and the current flows in 
accordance with this resultant. 

If it were possible to have a circuit with no inductance, 
the current would be exactly in phase with the pressure. 

The presence of inductance causes the reactive e.m.f. 
to arise, lagging behind the current by 90 degrees ; the 
resultant of the two pressures will therefore lag behind the 
generator pressure, and so also will the current. 

The greater the reactive e.m.f. the more will the resultant 
lag and the lower will.be the power factor. 

This is shown in the form of a vector diagram in Fig. 25' 
(a), where E,. is the resultant of Eg,, the reactive pressure, 
and Efl the applied pressure. The current is in phase 
with Ey and a is the angle of lag. Diagram (b) shows the 
effect of an increase in E^,, E,. being smaller and the angle 
of lag greater. Another way of looking at the matter is 
shown in (c) of the same figure. In this the applied pressure 
E^ is considered as being made up of two components, one 
Eflj. which balances the reactive pressure, being equal and 
opposite thereto ; and the other E, which is employed in 
producing the current through the resistance of the cucuit, 
and is in phase with the current. If the reactive pressure 
becomes greater a larger component of E^, is required to 
neutrahse it and the other component E,. decreases. 

In a circuit where the resistance is negligibly small 
compared with the inductance, the reactive and applied 
pressures are j)ractically equal. The applied pressiue is 
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then almost wholly employed in overcoming the reactive 
pressure, and the two are 180 degrees apart. The current 
lags by approximately 90 degrees and the power factor is 
correspondingly low. Under these conditions energy is 
being stored up in the magnetic field linked with the circuit 
during one quarter cycle, and returned to the generator 
during the next. 

The inductance of a straight conductor is comparatively 
small, but is increased by the presence of iron in the 



(^) (b) ^ (c) 

Fig. 2C. 


vicinity, owing to tlie higher permeability of the latter 
increasing the flux. If the conductor is in the form of a 
coil the flux due to each turn will link witli all the turns 
and the inductance will be increased accordingly, owing 
to the greater number of linkages, while a coil with an iron 
or steel core will naturally have a greater inductance than 
a similar coil with a non-magnetic core. 

Coils of this kind, known as reactances or choking 
coils, are often used where it is required to limit the current 
in a circuit, the effective pressure being reduced by the 
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reactive pressure set up by tte coil. These coils have 
the advantage over resistances for the same purpose, that 
their resistances may be made small and the heating losses 
kept low. 

Capaoitan-oe 

When two alternators are connected in parallel the 
relation between their pressures may be such as to cause 
the current to lead the pressure ia one of them. 

There are other circumstances, however, which may 
result in a leading current where only one alternator is 
concerned, these arising from what is known as capacitance 
in the cables, etc., connected to the machine. 

In order to see how this comes about we wiU consider 
a piece of apparatus called a condenser, which is specially 
intended to produce a capacitance effect. 

In this, two plates of some conducting material separated 
from each other by an insulating substance, are ooimeoted 
one to each of the terminals of a source of electrical pressure. 
When the pressure is applied there will be no current 
through the condenser on account of the circuit being 
broken by the insulator, but the plates wiU become charged, 
one positively and the other negatively, the amount of 
the charge being proportional to the applied pressure. 

As long as the pressure is maintained the charge will 
remain, any variations in the pressure producing corre- 
sponding variations in the charge. 

The result of this is that every change m the pressure 
is accompanied by a current in the conducting parts of the 
cirouit, electricity flowing in one direction or the other 
as the charge varies. 

If the pressure applied to the condenser is alternating 
the charge will alternate also, the direction of the charge 
and the signs of the plates reversing with the reversal of 
pressure, thus producing an alternating current in the 
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circuit, and this current can be shown to be leading the 
applied pressure by 90 degrees. 

The amount of the charge being proportional to the 
pressure, both these quantities may be represented by the 
same curve, as in Fig. 26, while the slope of the curve will 
indicate the rate at which the charge is changing in value 
at any instant. 

As the pressure approaches maximum in a given 
direction the charge is building up and the current corre- 
sponds in direction to the pressure. When maximum 



Fig. 26. 


])ressiirc is readied the charge is complete and charging 
ceases, the current ther<.*fore being zero at that instant. 

On the pressure begimimg to fall from maximum the 
charge is reduced, the current commencing to flow in a 
direction opiiosito to the pressure, until when the latter 
is passing through zero, the rate of change of the charge, 
that is the current, is a maximum. 

Clhargmg then begins in the other direction, correspond- 
ing to the reversal of pressure, and as the charge approaches 
maximum the current falls to zero once more. 
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The curve showing the variation of the current, or the 
rate at which the charge changes, is seen to lead the pressure 
curve by 90 degrees, as stated above. 

In general, apart from condensers designed and con- 
structed to operate as such, capacitance effects exist 
between any parts of a circuit or system which are at 
different potentials, and with long transmission lines on 
a.c. systems the charging current becomes a factor of 
importance in operating practice. 

With a pure charging current, energy is being alternately 
stored in the condenser and returned to the alternator, 
so that the average power taken over one cycle is zero. 

As it is impossible, however, for any conductor to be 
wholly without resistance, a small loss occurs from the 
passage of the charging current through the conducting 
parts of the circuit. This, together with losses which are 
associated with the dielectric, or the insulator, between the 
conducting parts, results in the output from the alternator 
during one cycle being larger than the input ; the power 
factor therefore being greater than zero, and the current 
leading by less than 90 degrees. 

In a circuit which is transmitting power there is 
always present a charging current, however small, 'and this 
which by itself would lead the pressure by 90 degrees, 
■combines with the load current, the actual current being 
the resultant of the two. 

Inductance and capacitance effects tend to neutralise 
each other, but in ordinary practice the inductive effect 
usually predominates so that the current lags, although not 
to the extent it would do if the system had no capacitance. 

It will be observed that inductance effects depend 
entirely on the current, while capacitance effects arise 
solely from the pressure. 


CHAPTER VI 

POLYPHASE MACHINES 

Production of Polyphase Pressures.— A supply derived 
from a machine having armature tappings at 180 degrees- 
only is known as single-phase, and requires two Lme wires 
for transmission. Armature windings may, however, 
have tappings less than this distance apart, and will 
give a series of pressures differing in phase from each other. 
Such machines are called polyphase and have 3, 4, or 6- 
terminals, according to whether the tappiogs are at 120, 
90, or 60 degrees. Sections of the winding between adjacent 
tappings are called phases, the number of phases being 
equal to the number of tappings per pair of poles ; the 
machine being styled 3-phase, 4-phase, or 6-phase 
accordingly. Rotary converters are invariably polyphase 
machines, the single-phase converter possessing character- 
istics which render its use imdesirable. 

In any polyjdiase macliine the armature winding is 
divifled evenly by the tappings, so that the pressures 
between adjacent tappings are all equal, while the angular 
displacement between the phase pressures is equal to the 
number of degrees between tappings. Thus in a 3-phase 
system there are three equal pressures following each other 
at intervals of one-third of a cycle or 120 degrees ; in a 
4-phase system, four pressures with 90 degrees between 
them ; and in 6-phase, six pressures at intervals of 60 degrees. 

81 G 
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In Pig. 27 the cirolea represent two-pole windings with 
3, 4, and 6 tappings. The pressure between tappings 
equally on either side of the neutral points is zero, while 
phases midway between the neutral points are at maximiun. 





6- phase 


As the armature rotates, the phases will each in succession 
arrive at the position of maximum in a given direction, 
and the order in which they do this is shown by the number- 
ing of the phases. This is seen to run in the opposite 
direction to that of the armature rotation. 

Relative Values of Polyphase Pressures.— The relation 
between the pressures obtained with differently spaced 
tappings can be shown by the vector diagram for the 
lap winding, described in Chapter V., and given m Fig. 28. 
The pressure between 180 degree tappings, represented 
by the diameter of the circle, is taken as unity, and the 
smaller pressures expressed as fractions of this. The same 
proportions hold good, of course, for either maximum or 
virtual values. 

In the 3-phaae machine all the tappings are equally 
spaced and only one pressure is available, whereas in the 
4-pha8e and 6-phase machines there are alternative group- 
ings providing different pressures. 

With 90 degree tappings each is that distance from its 
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next neighbours, but is in addition 180 degrees from the 
next but one, and there are thus two distinct values of 
pressure available. The tappings may be considered as 
faUing into one group with 90 degree intervals, or as two 
pairs at 180 degrees with a displacement of 90 degrees 
between the pairs. The machine is therefore of four or 
two phases according to which view is taken ; in rotary 
converter practice these are always called 2-phase, as they 
are run from transformers having 2-phase secondaries. 



In the (>j)hase machine there are tap])ingH (50, 120, 
and 180 degrees apart, and tliree different jjressures. The 
armature may be considered as liaving six tappings at 60 
degree intervals, two groups of 120 degree tap 2 )ings, or 
three pairs of 180 degree tappings. 

In the first view the macliine is of six jjhases, in the 
second of two 3-phase systems interlinkerl and with 180 
degrees displacement between them, and in the last of 
three single phases displaced by 120 degrees. Tliese 
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are represented in Kg. 29, eacli being indicated by a 
different style of lining. 

The subjoined table gives tbe relationship existiog 
between the pressures with variously spaced tappings in 
terms of each other. 

"When the pressure between certain tappings is known, 
find the column headed by the number of degrees between 
those tappings. In that column will be found the factor 
by which the known pressure is to be multiplied to find the 



pressure between tappings spaced at distances given in the 
right-hand column. 


180 “ 

120 “ 

90 “ 

60 ’ 


1-0 

116 

1*41 

2 0 

180 “ 

0*866 

1*0 

1*22 

1*73 

120 “ 

0*707 

0*82 

1-0 

1*41 

00 “ 

0*6 

0*68 

0*707 

1*0 

60 “ 


For example, if the pressure between 180 degree tappings 
is known, multiply by 0-866 for that between 120 degrees, 
0-707 for 90 degrees, and 0-6 for 60 degrees. 

Piessures, Current; and Power in Polyphase Machines. 
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— In order to obtain a basis for comparison a machine 
giving a virtual pressure of 100 volts between 180 degree 
tappings will be considered. The load will be assumed 
as of 1,000 watts, and the pressures, armature current, 
and line current worked out for single and polyphase 
systems. 

For the sake of simplicity it will be assumed that the 
field is of two poles and the power factor unity. As a" 
single-phase machine the line pressure will be 100 volts 
and the current lOOO-rlOO or 10 amps., 6 amps., in each 
path through the winding. 

Two -phase. — ^We may proceed by either of two 
methods, one by treating the machine as of four phases, 
and the other as of two. 

In each case the total power has to be divided equally 
between the phases, and in the first method the watts per 
phase in our example equal one-fourth of 1,000, or 250. 
Dividing this by the phase pressure 70’7 volts we get 3*54 
amps., as the armature current per phase. 

The line current will be the resultant of that in two 
adjacent phases with 90 degrees displacement, and wiU 
•equal 1*41 times 3’54, or 6 amperes. 

Considering the machine as of two single phases the 
same result is obtained. In this case the watts per phase 
will be 500, which divided by the full pressure of 100 volts 
gives a fine current of 5 amps., or 2‘5 amps., in each path 
through the winding for each phase. 

The currents of each phase flow in the one winding and 
having a displacement of 90 degrees their resultant will be 
equal to 1'41 times 2'6, or 3’54 amps., as before. 

It will be seen that for a given load the ratio between 
the armature current in the single-phase and 2-phase 
machines is as 5 to 3-54 or 1 to 0’707. This means that 
with the latter the heating losses will be smaller for the 
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same load, or conversely tliat the machine will give a 
greater output for the same losses. 

The efEective torque will be the resultant of the single- 
phase torques in the four phases of the winding. Phases 
which are 180 degrees apart will have their maximum torque 
at the same instant, so that the curves for these wiU be 
super-imposed on each other, giving a resultant torque 
curve of twice the maximum value of either of them singly. 




There being two such pairs of phases we get two single- 
phase torque curves each having a maximum value of twice 
that of one phase, and with a displacement of 90 degrees. 

Fig. 30 shows the curves for the current, and power or 
torque for a 2-phase machine, the power factor being unity 
and the current and pressure in phase. 

By adding together the vertical heights of the torque, 
curves at every instant the resultant is found to have a 
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steady value equal to the maximum of one of them. The 
torque due to one phase is given by the broken line curve. 

Proceeding on the assumption of there being two phases 
in the machine the same result is obtained. 

Taking the separate torques in Pig, 30 the average of 
any one of these is equal to one-half its maximum, and from 
this it will be seen that the total is divided equally between 
the phases. 

The uniform value of the torque in a polyphase machine 
is of special importance, inasmuch that when used as a 
motor such a machine is not so liable to “ lose synchronism ” 
or be “ pulled out of step ” by changes of load as is the 
single-phase machine with its pulsating torque. 



B-ig. 31. 


As far as individual phases are concerned the effect of 
current lag or lead is a reversal of the torque during j)arts 
of the cycle. Owing to the displacement between the 
])hases, how'ever, when one pair are exerting a reversed 
torque the other pair are at or near maximum in the other 
direction, with the consequence tliat the effective torque 
at tlie armature shaft, although reduced, does not reverse 
at any part of the cycle. 

In Fig. 31 are given the torque curves for a pov/er factor 
of 0'8 corresponding to a current displacement of about 
37 degrees. The torque in one of the four phases is shown 
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by a broken line, as before, tbe full lines giving the resultants 
of two such. 

Ikom this it will be seen that although there are reversed 
torques introduced four tunes in each cycle, the resultant 
has a steady value, in this case being 80 per cent, of what 
it would be for the same pressure and current with unity 
power factor. 

The armature reactions are also modified by the dis- 
placement of the phases. Whereas the reaction of one 
phase alone would be of a pulsating character, as was shown 
when dealing with the single-phase machine, the resultant 
of the four phases has a steady value. 

This is owing to the phases following one another as 
the armature rotates, so that as the flux due to one phase 
is decreasing, that due to the next phase is increasing 
and so maintaimng the resultant practically constant in 
value. 

The poles of the armature flux are therefore stationary 
between the field poles, as in the o.o. generator, and the 
field flux is subjected to a steady distortion. 

Lagging current in the armature, by causing the 
maximmn to occur after the position of maximum pressure, 
shifts the poles of the armature flux forwards, weakening 
the field in a generator, and strengthening it in a motor. 
Leading current has the opposite efiect. 

The foregoing remarks on armature reaction apply 
equally to any polyphase machine. The reactions take 
place in the same relative directions as in the single-phase 
machine, but owing to the overlapping of the effects of the 
successive phases they do not pulsate, but have a uniform 
value throughout the cycle. 

Three-phase. — In this machine the power will be 
•divided equally between three phases, and in the example 
will be 333 watts per phase. 
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The phase pressuie will be 0’866 of that between 180 
degree tappings or 86*6 volts and the phase current' 
333-^-86*6 or 3*8 amps. 

The line current will be the resultant of the currents in 
two adjacent phases of the armature. 

Now although the currents in adjacent phases have a 
displacement of 120 degrees, it must be remembered that 
any one tapping forms the trailing end of one phase and the 
leading end of the next. 

Therefore as two phases in succession reach the position 
of maximum, their currents at those instants, while in the 
same direction in the armature, wHl be in opposite directions 
in the common tapping. That is, the two maxima in the 
tapping will occur in opposUe directions with an interval 
of 120 degrees, which is equal to an added displacement 
of 180 degrees between maxima in the same direction. 

The line current, then, is the resultant of the two phase 
currents of 3*8 amps., with a displacement of 120 plus 180 
degrees, equal to a difference of 60 degrees. This resultant 
will have a value of 1*73 times the current in one phase, or 
'6*G6 amps. 

The pressure shown on switchboard voltmeters will bo 
that between lines and the ammeters will show the lino 
current. The phase current is obtained by multiplying 
the line current by 0*58, so that from the indications of 
the switchboard instruments the power in one ])liaac will 
be equal to volts X amps. X 0*68. 

The total power will therefore be equal to three times 
this, the expression simplifying into 1*73 X volts X amps. 
This is, of course, the apparent power, the real power 
being found by multiplying the foregoing by tlie power 
factor. 

The torque on the armature will be the resultant of three 
single-phase torques displaced by 120 degrees, and wiU 
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have a constant value of 1*6 times the maximum of one phase 
alone. 

Six-phase. — The 6-phase machine, as already pointed 
out, may be considered in three diSerent ways, according 
to the manner in which the tappings are assumed to be 
grouped. 

Considered as a 6-phase machine, the power wiU be 
divided between the phases, and in the example taken will 
be 166 ‘7 watts per phase. 

The phase pressure will be one-half that between 180 
degree tappings or 60 volts, and the phase current 3'3 
amps . The line current will be the resultant of two currents 
of 3’3 amps., in adjacent phases, with a displacement of 
60 plus 180 degrees, equal to 120 degrees, and wiU also be 
3 '3 amps. 

Considering the tappings as in two 3-phase groups, the 
watts per group wiU be 600, and the watte per phase 166'7. 
Dividing this by 86‘6, the volts between 120 degree tappings, 
the result is 1’92, the amps., per phase. 

The armature current is the resultant of two phase 
currents of 1'92 amps., one belonging to each of the groups, 
with a displacement of 60 degrees, equal to 3 '3 amps., 
while the Une' current equals 1’73 times the amps., per phase, 
or 3*3 amps., once again. 

Considering the machine as having three single phases 
connected between 180 degree tappings, the watte per phase 
wiU be 333, and this divided by the pressure, 100 volte, 
gives a Une current of 3 '3 amps., as before. 

In each of the single phases the Une current divides into 
the two paths through the winding so that the armatiue 
current per phase, taken singly, would be 1-67 amps., and 
this current woiUd flow in opposite directions in each half 
of the winding. 

Now taking any one conductor, it wUl be found that in 
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relation to two of tlie phases it is in one half of the winding, 
while to the remaining phase it is in the other half, having 
regard to the direction of current in the winding at the 
corresponding maxima of each of the phases, or at 120 degree 
intervals. The consequence is that the current in any part 
of the winding is the resultant of three currents with a 
phase difierence of 60 degrees, this being the efiect of re- 
versing one of three with 120 degrees displacement. The 
resultant of three currents of 1*67 amps., with 60 degrees 
between them, is equal to twice the value of one of them, 
or 3‘3 amps., as found by the other methods. 

Thus it will be seen that from whatever point of view as 
to arrangement of phases the 6-phase machine is considered 
the result is the same. These particulars have been given 
to afford a guide to the reader in working out the pressures 
and currents for any system of connections used to supply 
rotary converters, the usual practice being to operate 6-phase 
machines from 3-phase systems by means of transformers 
which may be connected in various ways, aU of which, 
however, give the same result at the converter. 

"Where ammeters are fitted to low-pressure switchboards 
for G-phase converters these show the line current ; volt- 
meters may show the pressure between tappings either 120 
or 180 degrees apart, this depending on the system of 
connections used. 

The torque of the macjiinc will be the resultant of the 
torques of the six phases, and as these fall into tliree pairs, 
each of two pliases whose torques coincide, the diagram w'ill 
show three torque curves of a maxinium height equal to 
twice that of one phase. The resultant of these three is 
1'5 times the maximum of one of them, or three times that 
of one phase alone. 

In rare cases converters may have tajipings at 30 degrees, 
giving twelve phases. The advantage of using the larger 
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munber of phases Kes in the fact that for a given load 
the armature heating is less and more even the greater 
the number of phases. This, however, is largely offset 
by the increased cost of the extra sliprings and cables 
required, so such machines are very seldom met with. 



CHAPTER VII 

ALTEmATORS IN PARALLEL 

Synehronism. — As> with c.c. generators so with alternators, 
before connecting them in parallel it is necessary that the 
effective pressure in the circuit formed by the two armatures 
should be zero. 

This condition is not fulfilled with alternators by merely 
having the pressures equal in value, but their alternations 
must be in step or in “ synchronism ” ; that is, the two 
frequencies must be exactly equal, and the pressures 
must have the correct relationship, so that at every 
instant they are in opposition to each other. 

The resultant of the two pressures will then be zero in 
the local circuit, while an external circuit connected to the 
common terminals, or bus-bars, will be supplied from the 
two machines in parallel, the load being shared between 
them. 

This condition is known as “ phase op 2 )osition ” or 
“ synchronism.” 

If the two machines were connected together when 180 
degrees from phase opposition, the pressure acting round the 
local circuit would be equal to the sum of the two machine 
pressures, while that acting on the external circuit would 
be zero. 

This is known as “ phase incidence,” and in this con- 
dition no power will be transmitted to the external circuit. 
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The conditions necessary for the proper working of 
alternators in parallel and supplying energy to an external 
circuit are, equal frequencies and pressures, and phase 
opposition of the pressures. 

An indication that these conditions have been attained 
may be given by lamps connected between the terminals 
of the main switch of the incoming alternator. 

The lamps used must be capable of sustaining twice the 
pressure of either of the machines, as they will be subjected 
to this at phase incidence, and will glow with full brilliancy 
at such time. 

At phase opposition the lamps will go out, showing 
zero pressure between the two machines, and the svitch 
may be closed. 

If the frequencies are unequal the lamps will glow and 
darken at a rate equal to the difference between the fre- 
quencies, the pressures being alternately in phase incidence 
and opposition. 

A voltmeter may also be used instead of, or in con- 
junction with, lamps. 

The foregoing is known as dark lamp synchronising ; 
by using different connections for the lamps they may be 
made to indicate synchronism by glowing with full brilliance, 
this being called bright lamp synchronising. 

The operation of paralleling alternators is described 
above in its simplest form ; in the majority of instances 
instruments are used which show the moment of synchronism 
with greater accuracy than can be attained by the observa- 
tion of lamps. 

These instruments are known as synchroscopes, in which 
the action of the two pressures, that of the machine or 
machines already on load, and that of the incoming machine, 
rotates a pointer so as to show by the direction of its motion 
whether the incoming machine is too slow or too fast, and 


ALTERNATORS IN PARALLEL 


96 


also the condition of synchronism by its remaining stationary 
in a vertical position. 

If the switch is inadvertently closed at the wrong time, 
the result is an interchange of power between the machines, 
greater or less according to the degree to which the pressures 
are out of phase, producing disturbing effects in the system 
besides the possibility of damage to apparatus. 

In paralleling polyphase machines it is only necessary 
to know when one phase is in synchronism, as the relation- 
ship between any one phase and its neighbours is the same 
in each machine. For the same reason, when examining 
the behaviour of polyphase alternators in parallel by means 
of vector diagrams, as we shall be doing in the following 
section, only one vector for each machine is required. 

Synchronising Torque. — The incoming machine having 
been switched in at phase opposition with the rest of the 
system, we have now to consider how this relation is 
maintained and the machines kept in step. A controUing 
force will be required which will counteract any tendency 
to fall out of step, and such a force can be supplied by the 
machines thenxselves, being brought into play by the change 
in the j)hase relations of the pressures with any rieparture 
from exact synchronism. 

Consider two alternators Ej and E 2 in parallel, their 
]jressure vectors being lettered to correspond in Fig. 32. 
E] we will assume as being very large com])ared with l^o, 
so that the effect on the speed of Ej of the load taken up 
or dropped by E 2 may be assumed negligible. 

In diagram (a) the two pressures are exactly in 
oj)i)osition, the condition of synchronism and the instant 
of switching in E 2 . The resultant is zero ajid there will be 
no current in the circuit formed by the two armatures. 

If the supply of steam to the engine of E 2 is increased 
this machine will begin to speed up, and by so doing cause 
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its pressme to advance its position relatively to that 
of El- 

That is, by completing each cycle in a slightly shorter 
time than its angle of lead from E^ will be increased, 
or wh^it is the same thing, its lag from Ej will be reduced. 

If the machine continued to run at the increased speed 
its pressure would, in course of time, advance in phase 

until hah a cycle had been 
gained and phase incidence 
reached. 

This is prevented, however, 
by the resultant pressure in- 
troduced by the change in 
phase displacement. 

In (6) Tig. 32 E 2 has ad- 
vanced by the angle shown and 
the resultant E,. arises. 

The circuit through the 
armatures of the machines is 
of comparatively low resist- 
ance and high inductance, and 
in consequence the current I 
produced by the resultant 
pressure will lag behind E^ by 
a large angle as shown. 

This current being displaced from E 2 by less than 90 
degrees will produce a load torque on the armature of E 2 
which win reduce the speed to its former value and check 
the further advance of the pressure wave. The machine 
thenceforward continues to run at its former speed, but 
with its pressure wave in advance of its previous position 
relative to that of Ej. 

The reader should bear in mind that it is only by virtue 
of their exactly equal frequencies that the two pressures, as 
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represented by tbe vectors, are stationary with respect to 
each other. In this they may be compared to two men 
waUdng side by side at equal speeds. At every instant the 
position of one relative to the other will be the same and 
will rem a in unchanged while their speeds are unchanged. 

If one man now begins to walk faster he will change his 
position relative to the other man by forging ahead, and if 
after accelerating he maintains an increased rate he will 
continue to change his position by continuing to gain. If, 
however, after accelerating for a short period he reduces 
speed once more to that of his companion, he wiU cease to 
change position, but will nevertheless maintain the lead 
which he gained during acceleration. Only by dropping 
below his companion’s speed may he come back to his 
original relative position. 

The same line of reasoning may be applied to the case 
of one man reducing his rate of walking and so dropping 
behind his companion. 

To return to our alternators : if each machine is carrying 
part of an extern^ load, the actual current in each armature 
will be the resultant of load current and the current due to 
the resultant pressure between the machines. 

Advancing the vector B2 is the equivalent of retarding 
Ej, the resultant arising in the same direction in each case. 
From this it will be seen that any departure from syn- 
chronism brings about an exchange of power between the 
two machines in such a way as to oppose such departure, 
the load on the leading machine being increased and that 
on the lagging machine reduced. 

The larger the angle of displacement from phase opposi- 
tion the larger will be the resultant, and the greater the 
synchronising power. 

The load distribution between two or more alternators 
may be varied according to requirements by varjdng the 

H 
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power input to the machines from their engines, and so 
changing the phase angles between their pressures. 

The Synohronous Motor. — one alternator has its 
powCT input reduced until it is just sufidoient to overcome 
the various mechanical losses in the machine, such as 
friction, windage, etc., there will he no electrical output. 
A further reduction of the mechanical input will' result in 
the speed dropping and the pressure wave being retarded 
until there is an input of electrical power from the rest of 
the system with which it is in parallel. 

On cutting ofE the mechanical power entirely the whole 
of the work of maintaining the rotation will be taken up 
electrically, and the machine thus becomes a motor, the 
angle of lag of its pressure behind phase opposition with 
the supply pressure depending on the resistances to rotation 
which have to be overcome. 

The conditions are shown in Fig. 32 (c), where E 3 is 
the pressure due to the machine now motoring. If a 
mechanical load is coupled to the motor the increased 
resistance to rotation will cause its pressure to lag still 
further, so increasing the resultant E,. until sufficient power 
is taken from Ej to meet the increased load. 

Thus it appears that an alternator will operate either as 
generator or motor according to whether its pressure is 
made -to lead or lag from opposition to that of other 
alternators it is connected with. 

The speed of the motor will depend on the frequency, 
as it must run in synchronism with the generators, any 
attempt to depart from synchronism being automatically, 
met by a change in the power input to the motor. 

Increasing the load causes the pressure vector to swing 
backwards, increasing the resultant pressure and the 
power input ; reducing the load allows the vector to swing 
forward with the opposite effect. 
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Owing to the necessity for Irmhing £p.Js]gfOv^ 
supply frequency, an alternator\mia\m this way is c^ed 
a synchronous motor, and is na!<jmrrflyk^constant-spe 
machine. 

If the supply frequency is divided by^sijy 
of poles in the field of a synchronous motor, this will ^ve 
the number of revolutions per second of the machine at 
synchronous speed. 

Effect of Field Variation of A.C. Generator. — ^When 


alternators are in parallel the effect of varying the field 
strength is to leave the load distribution practically un- 
altered, but to change the power factor. 

This is best illustrated by a vector diagram as in 
Fig. 33 (a), where the two pressures are exactly in opposition. 

If E2 is increased as shown by the broken line extension of 
its vector, there will no longer be exact balance of pressures 
in the local circuit, and the resultant E,. equal to the excess 
of E2 over El, will arise in phase with E2. The current I, 
circulating between the two machines, will lag behind E,. ' k " 

by a large angle for the reason stated earlier in this chapter, 
and if the machines are carrying load I will combine with 
the load current, and their resultant will be the actual 


current in the armatures. 


As the current I leads in Ej and lags in E2 the j)ower 
factors wiU be changed accordingly. 

The field of E2 will be weakened by the demagnetising 
component of I and the increase of field current offset 
to some extent thereby. That is to say, for a given increase 
of field current the rise in terminal pressure will be less 
when alternators are in parallel than when running alone. 

The machine E^ having a leading current will have its 
field strengthened, this tending also to reduce the disparity 
between the two pressures. 

The power associated with I wiU be very smaU, being 
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just tliat leqmred to make good the leaistance losses in 
the local circuit, so hhat, as stated above, the principal 
efEect of field variation is to change the power factors. 

"When the machines are running with less than 180 
degrees between their pressures the same result attends 
the varying of the field strength of one of them. The 
resultant pressure will then be brought more nearly in phase 





(a) ■ (b) (c) 

33 , 

with the larger of the two machine pressures, and the 
•current angle will be changed to correspond. 

Stated briefly, if the terminal pressures of two alternators 
in parallel are unequal, there will be in the armature 
•current of that having the greater pressure a laggiTig r and 
demagnetismg component, and in that having the smaller 
pressure a leading and magnetising component. 

Effect of Field Variation of Synchronous Motor. — 
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The speed of the s5nichronous motor being determined by 
the frequency of the supply, variations in the field strength 
have no effect on it, but only alter the^ power factor. This 
is affected in the opposite sense to that of an a.c. generator, 
strengthening the field bringing about an advance in the 
current angle and weakening the field retarding it. 

These relations are shown in (6) and (c) Mg. 33, where 
E 2 is the generated, or back, e.m.f. of the motor. 

The phase angle of the current I is measured from the 
impressed pressure Ej, and is leading in (6) and lagging 
in ( 0 ), the weaker field in the latter case being indicated by 
the reduced value of E 2 . The angle by which E 2 lags 
from opposition to E^ depends on the mechanical resistance 
to rotation, that is, the load being driven, and as this has 
been assumed constant the actual power taken from the 
supply will be unaltered. This is shown by the dotted 
projection of I vertically on Ej giving the same value of the 
power component of the current in each case, although the 
actual values of I, as will easily be seen by inspection, are 
unequal, the power factors being different. 

Changes in the impressed pressure will also affect the 
power factor of the motor by altering the value and phase 
angle of the resultant pressure, and therefore of the current. 
In this case the effect is opposite to that of a corresponding 
variation of the back e.m.f., an increase of the impressefl 
pressure retards the motor current and a decrease advances 
it, as a simple vector diagram wUl show. 

As far as any one machine is concerned the best value of 
the field current is that which will give unity power factor, 
this entailing the minimum armature current for a given load . 

The readiness wdth which the power factor of the syn- 
chronous motor can be controlled is often made use of in 
practice to compensate for other apparatus having an 
inherently low power factor. By operating such a motor 
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^vitli a leading current, the lagging current from inductive 
loads can be neutralised, and the load on the generating 
plant kept much nearer unity po^wer factor than would 
otherVnse be possible. 

Such applications as this, however, find but little vogue 
with rotary converters on account of the special nature of 
the heating efEects caused in the armature of these machines 
by lagging or leading currents. 

Himtiiig and the Damper Winding.— Hunting, to the 
occurrence of which all classes of sjmchronous machines 
may be subject in certain circumstances, may be briefly 
described as a series of periodic changes in the speed of 
rotation above and below that of synchronism. 

With rapidly varjdng load, hunting, when once started, 
may continue and grow to such an extent as to involve 
risk of the machine losing synchronism. A motor which is 
hunting may set the generator doing likewise owing to the 
variations in the power taken varying the speed of the 
latter, or a motor may be set hunting by sudden changes in 
the power input caused by irregularities on the part of the 
engine driving the alternator. 

In fact, with synchronous machines connected to the 
same system, anything which tends to change the phase 
relationships between their pressures wiU also tend to pro- 
duce hunting to a greater or lesser extent, this depending 
on the relative sizes of the different machines and the 
magnitude of the disturbing cause. 

Hunting arises from the fact that on account of its 
inertia, it is impossible for a rotating body to change its 
speed iustantaneously. 

As an example we may take the case of a sudden increase 
of load on a s3aichronous motor, and examine its effects on 
the vector diagram of the machine, which gives a picture 
of what is happening. 
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When the extra load comes on, the power input is for 
the moment inadequate, and the speed begins to fall, the 
vector moving backwards, and thus increasing the input. 

The vector drops back until it reaches a position where 
the power input is suflB.cient for the Idad, and were it not 
for the inertia of the moving masses the speed would rise 
instantly to synchronism. 

As it is, however, a certain time is taken for acceleration, 
during which as speed is still below normal the vector is 
still falling back, although at a decreasing rate, until when 
synchronous speed has been regained, the vector is farther 
back than is necessary ; that is, the power input is greater 
than is required for the load. 

The result is that the speed begins to rise above normal 
and the vector to move forwards again, until it reaches the 
correct position once more. 

At this instant the armature is running too fast, and 
during the time taken to slow down the vector still moves 
forward untH, when it comes to rest, at synchronous speed, 
it is in advance of its correct position, the power input is 
too small, and retardation of the armature begins. The 
whole cycle of events is then gone through again, the vector, 
as it were, oscillating about its correct position, and the 
current fluctuating in unison. Normally, hunting tends 
to die out after being started, but if fresh disturbances to 
the load take place, particularly if these occur at a frequency 
corresponding to what is known as the natural period of 
oscillation of the rotating mass, the hunting may be 
augmented to such a degree as to cause loss of synchronism. 

Usually hunting can be detected by the changes in the 
Hj)eed being audible, while the ammeter will show the accom- 
j)anying variation in the current. 

As a result of hunting the armature current alternately 
lags and leads from its normal phase angle with the pressure. 
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and the aimatuxe flux will oscillate to and fro instead of 
remaining stationary. 

Advantage is taken of tliis to introduce means for 
minimising hunting by the use of the damper winding, so 
called from its efEect in damping out any variations from 
synchronous speed. 

The damper consists of a series of copper bars embedded 
in slots in the pole faces so as to lie parallel to the armature 
conductors, and having all their ends connected together 
on each side, the end connections being carried across from 
one pole to the next so as to form a continuous ring right 
round the field system. 

As the armature flux oscillates, the relative movement 
between it and the damper induces e.m.fs. m opposite 
directions in adjacent groups of bars, causing circulating 
currents, which by their interaction with the armature 
flux, impose torques on the armature which oppose the 
changes in speed. 

When the speed falls and the flux swings backwards 
a motoring torque is produced,* while when the speed rises 
the flux swings forwards and increases the load torque on 
the armature. 

Any departure from synchronous speed then brings into 
play additional forces which oppose such change and tend 
to keep the speed constant, thereby reducing the tendency 
to hunt. 

While trying over the relationships between the move- 
ment of the armature flux and the current and torque 
produced, it should be borne in mind when applying the 
right- and left-hand rules that the conductors, i.e. the 
damper bars, are stationary while the flux moves, which 
is equivalent to a movement of the conductors in the 
opposite direction. 



CHAPTER VIII 

THE BOTAEY CONVERTER 

Double Current Generator. — ^It has been shown that a 
machine having a lap connected armature winding can he 
made to give either contimioiiB or alternating pressure at 
its terminals, according to the method of making connection 
between the armature and the external circuit. 

As the fitting of a commutator for continuous pressure 
or tappings and sliprings for alternating pressure involves 
no modification of the winding itself, these may both be 
fitted to the same winding, when both kinds of pressure 
win be available. Such a machine when driven mechani- 
cally is known as a double current generator. 

Ratio between Continuous and Alternating Pressures. 
— As both pressures are due to the same winding and 
magnetic field their values wiU bear some fixed relation 
to each other. The continuous pressure will be that 
between two neutral points in the winding, 180 degrees 
apart. 

With tappings at 180 degrees the pressure between them 
will be greatest when they occupy these neutral positions, 
so that the maximum alternating pressure will equal the 
continuous pressure, and its virtual value will be equal to 
0‘707 of this. 

The relation between the pressures available with 
different arrangements of tappings being known, we have 

lOfi 
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no difficulty in arriving at these values in terms of the con- 
tinuous pressure. 

For example, between tappings 120 degrees apart the 
pressure is 0‘866 of that between 180 degree tappings ; 
the virtual value of the latter being 0'707 of the continuous 
pressure the former will have a virtual valueof 0'866 X 0’707, 
or 0‘612 of the continuous pressure. 

Proceeding on these lines the virtual values of the 
pressures between tappings in the various cases will be found 
to be as follows : 


Tappings. 

180 degrees apart. 


120 

90 

60 


99 


19 


99 

99 

99 


Alternating presstuo. 

0‘707 of continuouB pressure. 


0-612 

0-6 

0-364 


99 


These are theoretical values, based on a sine wave 
form, but in actual practice the values may be slightly 
higher, this depending on the wave form. 

Ratio between Continuous and Alternating Currents. 
— For a given load the current at the commutator brushes 
will be equal to the watts divided by the volts. 

For the same load on the alteocnating current side the 
current per slipring will depend on the number of sliprings, 
that is, the number of tappings per pair of poles. 

To illustrate this we will consider the example taken in 
'Chapter VI., a machine giving 100 volts virtual value 
between 180 degree tappings, and a load of 1000 watts. 

The continuous pressure will be 1'41 times the above 
virtual value, so that the continuous current will be equal 
to 1000-^141, or 7'07 amps. 

In the single-phase machine then, the slipring current 
will be 1000 -hlOO or 10 amps., which is 1’41 times the 
continuous current for the same load, assuming unity 
power factor. 

Working out the current per slipring for different 
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numbers of rings in terms of the contmuous current for 
•equal watts, the following results will be obtained : — 

2 ringfl, current per ring equate 1'41 times continuous current. 

3 „ „ M 0‘94 „ „ 

4 „ „ „ 0*707 „ „ 

0 ft If 9, 0*47 ,, „ 

Resultant Armature Currents.— If the double-current 
machine is supplying both a c.c. and an a.c. load 
simultaneously, there will be a considerable difference in 
the armature current distribution as compared with what 
obtains when supplying solely c.c. or a.c. loads. 

This is due to the fact that whereas the current from 
the commutator has a steady value in any conductor during 
the whole time it is passing fromi one brush to the next, 
the slipring current varies from zero to maximum and back 
again over successive periods of 180 degrees. 

Furthermore, while the commutator current reverses 
in each conductor when it reaches the same point, the 
neutral of the field, the moment of reversal of the slip- 
ring current in any conductor depends on the position of 
the conductor relative to the tappings. 

The pressure in any phase of the winding, and conse- 
(piently the current (at unity power factor) is at zero when 
the tappings are on either side of the neutral points of the 
held. 

This is the moment of reversal for that particular phase, 
and clearly, only those conductors midway between the 
tappings can be in the neutral points of the field. There- 
fore, only in these will the slipring current reverse at the 
same instant as the commutator current. 

On the other hand, conductors adjacent to the tappings 
will be displaced from the neutral of the field by an amount 
depending on the spacing of the tappings. 

The reversal of the slipring current in these will be 
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displaced from the commutator reversal by a similar 
amount. 

For example, with tappings 60 degrees apart, a conductor 
situated immediately behind one of the tappings will pass 
through the neutral of the field 30 degrees before the reversal 
takes place in that phase. 

The commutator current will therefore reverse in that 
conductor 80 degrees before the slipring current, while 
for a conductor immediately in. front of a tapping the con- 
verse will hold good, the commutator reversal lagging 
behind the shpring reversal by 30 degrees. 

In general, conductors in the leading half of any phase 
win have the commutator reversal leading, and those in the 
trailing half the slipring reversal leading, the amount 
depending on their distance from the middle point of the 
phase. 

The actual current in the conductors will be the resultant 
of the two load currents, and this will be different for each 

conductor owing to the 
varying displacement be- 
tween the two reversals. 

In Fig. 34 (a) the rect- 
angular curve shows the 
commutator current, rever- 
sing at intervals of 180 
degrees. 

The sine wave of sh])- 
ring current is in phase with 
the other, thus referring tO' 
a conductor midway be- 
tween tappings, while the 
resultant of the two is. 

shown by the shaded Hue. 

In (6) are shown the corresponding curves for a conductor 
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immediately in rear of one of the tappings, which are 
assumed as 60 degrees apart. 

The sine wave therefore lags behind the rectangular 
wave by 30 degrees, and the effect of this on the resultant 
should be noted. 

For short periods the two currents are in opposite 
directions so that they cancel each other to a certain 
extent, thus reducing the effective value of the resultant. 
This means that the heating in conductors situated adjacent 
to the tappings will be less than in those midway between 
them. 

In the foregoing the a.c. and c.c. loads have been 
assumed to be equal, and the power factor unity, any lag 
or lead of the current having the effect of causing the slip- 
ring currentreversal to take place later or earlier accordingly. 

It is not necessary to deal further with the behaviour 
of the machine as double current generator, the object 
being to lead up to its operation as rotary converter. 

The Rotary Converter. — ^If the double-current machine 
is running in parallel with other plant on both c.c and a.c. 
sides, and the power of the driving agent is cut off, the 
machine will continue to run as a motor, and under certain 
conditions of field excitation will take power equally from 
both sides to maintain the rotation. 

The speed, of course, will be that of synchronism. 

If, while running imder these conditions, the field is 
slightly weakened the internal pressure will be reduced, and 
a larger current will flow on the c.c. side. This will tend to 
cause an increase in speed. 

On the a.c. side, however, the pressure which has been 
lagging slightly from phase opposition with the supifiy, 
in order to allow of the power input necessary to assist 
in driving the machine, will have its lag reduced by any 
increase in speed. 
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In consequence tlie power taken from the a.c. side will 
be reduced, the total power required, which is still the same, 
bemg now supplied in larger proportion from the c.c side. 

By adjusting the field excitation suitably, the whole of 
the power may be taken from the c.c side, the pressure at 
the sliprings being then in exact opposition to that of the 
supply and no power taken therefrom. A further decrease 
in the field strength will cause the shpring pressure to lead 
from phase opposition and power wO be delivered to the 
a.c. system, a corresponding amount being taken from the 
c.c. system by the larger current due to the weakened 
field. 

On the other hand, with the machine motoring equally 
from either side, if the field is strengthened the increase in 
the internal pressure reduces the current on the c.c. side, 
the shpring pressure drops back still further, and more 
power is taken from the a.c. side. If the field is increased 
sufficiently, power may be transferred from the a.c. to the 
c.c. system, and.it is in its apphcation to such transference 
of power from one system to another that the machine is 
termed a rotary converter. 

The most common use of these machines is to convert 
from a.c. to c.c., the opposite conversion being known as 
“inverted” running. 

Armature Current in Rotary Converter.— As in the 
double current generator, the current in the armature 
conductors is the resultant of the commutator and shp- 
ring currents, with the important difference that these are 
in general in opposite directions. 

This has the efiect of very materially reducing the actual 
current in the conductors from what it would be were the 
machine giving a similar output as either plain c.c. or a.c. 
generator. 

The current in the conductors also varies with regard to 



THE ROTARY OONVERTER 


111 


their distance from the tappings, but in this case those 
midway between the tappings carry the smallest current. 

This arises from the fact that, the reversal of the two. 
currents occurring simultaneously in these conductors,, 
their direction is always opposite to each other, thus giving 
the most complete neutralisation. 

In conductors nearer the tappings, however, the two- 
currents are displaced to a greater or lesser degree from 
exact opposition, so that during certain periods they are 
in the same direction, or cumulative. 

The amount of the displacement between the two- 
reversals is hmited, at unity power factor, to one-half the 
distance between tappings. With the smaller number of 
phases the amount of this displacement, in the conductors, 
adjacent to the tappings, is greater than with tappings 
closer together, so that in the former the periods when the 
two currents are in the same direction are longer ; in addition 
to this the current per phase is greater for a given load, 
the fewer the phases. The larger the number of phases the 
machine is arranged for, therefore, the smaller and more 
uniform is the armature heating. 

These points are illustrated in Fig. 35. which shows 
the commutator, slipring, and resultant currents for a. 
conductor, in (a) midway between tappings, and in (6) next 
to a tapping, in a single-phase, and a 6-phase machine. 

The much smaller resultant in the 6-phase machine will 
be readily noticed. 

On account of the low R.M.S. value of tlie armature 
current, polyphase converters may be made smaller than 
])lain c.c. generators for the same output. Conversel 3 \ 
a polyphase converter, operated as such, will give a greater 
output for a given heatii^ than if operated as a c.c. 
generator. Outputs for equal heating for converters ol 
different numbers of phases, as compared with the same 
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maohine operated as c.c. generator, are as follows : S-pliase, 
1’34:; 2-ph.ase (4:-pliase), 1*64:; 6-phase, 1*97 of c.c. rating. 
For a single-phase converter the relative output for equal 
heating is only 0'86 of the plain c.c. rating. 

Resultant Torque. — ^Referring ^to Fig. 36, it will be 
observed that the resultant current reverses several tunes 
during 360 degrees, at some parts of the cycle being in the 
generated direction and at others in opposition. 

This indicates reversals of torque, the final result being 
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that, neglectmg losses, the sums of the opposing torques are 
equal, which means that the whole of the power input is 
transformed electrically, no mechanical power being 
transmitted to the shaft. 

In actual practice, owing to the unavoidable losses, 
such as friotion and windage, the power necessary to supply 
these is converted into mechanical form and transmitted 
through the structure to the various points where these 
losses occur, with a corresponding reduction of electrical 
power oui^ut for a given input. 
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lu Fig. 36 these losses have been ignored and the input 
and output assumed equal. 

Effect of Lead and Lag on Armature Current. — 

When the power factor is less than unity the armature 
heating is increased, particularly in those conductors 
adjacent to the tappings, this effect being due, not so much 
to the increased current for a given load, as to the increase 
in the displacement between the comrnutator and slip- 
ring reversals in certain conductors. 

For esample, in a 6-phase converter, at unity power 
factor the a.o. reversal in a conductor situated immediately 
behind one of the tappings will take place nearly 30 
degrees later than the commutator reversal ; whereas with 
the slipring current lagging behind the pressure this dis- 
placement will be increased by the amount of such lag, 
with consequent increase of the E..M.S. value of the 
resultant. 

Conductors situated in front of a tapping will have the 
displacement between the two reversals (a.c. reversal 
preceding the other in this case) decreased by lagging 
current, thus reducing the R.M.S. value of the resultant 
in spite of the increase of the shpring current due to the 
lower power factor. 

In Fig. 36 is shown the effect of a lag of 30 degrees in 
the current for a conductor 
in the same ])osition as that 
in Fig. 35 (h). The 30 degree 
displacement between the 
two reversals has been in- 
creased by a further 30 
degrees owing to the lagging 
current, tlic effect on the resultant being very noticeable. 

With lagging current, then, the resultant current is 
increased in conductors behind the tappings and decreased 

I 
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in those in front of the tappings in the direction of rotation, 
while the conductors having the miniirmm current are no 
longer those at the middle point of the phase, but those to 
the rear of this- position. * 

With leading current the effects are the opposite of those 
outlined above, the displacements betwe^ the two reversals 
being affected in the contrary direction. 

Commutation. — As each armature coU arrives at the 
neutral points there is a change in the value of the 
current in it equal to twice the value of the continuous 
current. 

In the o.c. generator this consists of a change from full 
value in one direction to an equal value in the other 
<iirection. 

In the rotary converter, however, this is not always the 
•case, the change may be from one value in a given direction 
to a larger or smaller value in the other, or even from one 
value to another, greater or less without reversal, this 
depending on the position of the coil with reference to the 
tapping pomts. 

Only in those coils in which the slipring reversal coincides 
with the commutator reversal is the change one between 
equal values in opposite directions. 

These points may be seen illustrated in Figs. 36 and 36, 
but it will be observed, nevertheless, that the actual change 
in the current is always equal to twice the commutator 
current, as stated above. 

Commutating poles in rotary converters have practically 
only one duty to fulfil, that of changing the value of the 
current in the cod. 

In the c.c. generator, as was pointed out when dealing 
with interpoles, these have to be of sufGlcient strength to 
divert the ' armature cross flux from fhat part of the 
armature wherein are the cods undergoing commutation. 
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as well as to provide a flux in the proper direction to effect 
reversal of the current in the coils. 

In the rotary converter the cross flux is the resultant 
of two opposing effects, so that there is more or less 
neutralisation of each other, the actual degree of this 
depending on the relative values of the currents on each 
side of the machine. 

The worst case is that of the single-phase machine, 
where the armature reaction due to the alternating current 
is intermittent, while that due to the commutator current 
is constant so that when the former is at zero the latter 
exists alone, while when the former is at maximum the 
reaction is reversed owing to the greater value of the 
alternating current for a given load. 

The commutating flux, -which has to be strong enough 
to maintain a reversing field in the armature against the 
cross flux at a.c. zero, will be augmented by the reversed 
cross flux at a.c. maximum, this variation in the 
strength of the interpoles rendering commutation very 
unsatisfactory. 

On the other hand, the cross flux in a polyphase 
armature is constant in value for a given load, so that in 
the polyphase converter, the two reactions, motoring and 
generating, being constant and in opposite directions will 
neutralise each other. 

Actually, of course, the two reactions do not exist 
separately, but in many ways it is convenient to consider 
them thus, and by comparing them to arrive at an under- 
standing of their combined effect. 

If the slipring current is lagging or leading from the 
pressure the result will be the same as in the polyphase 
motor, a strengthening or weakening of the field. 

Under these conditions the motoring cross flux, con- 
sidered separately, may be looked on as consisting of two 
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components, one tending to distort the field, but always 
proportional to the load and balanced by the generating 
cross flux, the other one situated 90 degrees from the 
former and therefore opposite the field poles, reducing or 
increasing the main fiux as the caae may be. 

When hunting occurs, the motoring armature flux may 
be considered as oscillating backwards and forwards about 
its normal position, as the current alternately leads and 
lags. 

This is accompanied by variations in the power input, 
and the load being supposed constant, energy is alternately 
stored in and withdrawn from the rotating mass of the 
armature as the speed fluctuates. 

This means that the power component of the driving 
current is not always equal to the load on the machine, so 
that the balance between the armature reactions is being 
subjected to periodic disturbance, resulting in a swaying 
to and fro of the flux in the commutating region. This in 
its turn tends to cause sparking at the commutator brushes. 

Pressure Ripple. — ^Among the phenomena which occur 
during the operation of rotary converters is that of a 
periodic fluctuation of the pressure generated, known as 
ripple. This may be caused by commutation, or by the 
effect on the flux of the slots for the armature and damper 
windings. Ripple produces undesirable effects by mutual 
induction in telephone circuits, where these lie adjacent 
and parallel to supply lines connected to either the a.c. 
or c.c. sides of the converter, and particularly is this so 
when the frequency of the ripple lies within the range of 
frequencies employed in human speech. Ripple may be 
caused by the wave form of the e.m.f. induced in the 
armature conductors, and the simplest case of this may be 
briefly explained as follows. In any armature conductor 
the e.m.f. rises from zero to maximum and falls back to 
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zero during the passage of the conductor from one neutral 
point of the field to the next, and the rate at which these 
changes occur, in the rotary converter with suitably 
designed flux distribution, follows a sine law. At any 
instant, there are a certain number of conductors in series 
between two adjacent sets of commutator brushes, and 
the e.m.fs. in these will all be at different parts of their 
respective half sine waves : the total pressure between 
brushes will therefore be the sum of these different e.m.fs. 

If there were an infinite number of conductors there 
would be one in every possible position at every instant, 
and the sum of theic e.m.fs. would be constant. Actually, 
the number is limited and the conductors therefore have 
a space interval, and this is further increased by the 
grouping of the conductors in slots. The result is that the 
sum of the e.m.fs. induced varies according to whether 
there are conductors in the position of maximum induction 
or not, at the instant taken. 

For example, we may consider the position when the 
point of maximum induction lies midway between two 
conductors, and then assume that the armature moves 
forward the distance of one conductor space. All the 
conductors on one side of the centre move towards the 
denser part of the flux and. their e.m.fs. increase, while 
all those on the other side of the centre move towards the 
weaker part of the flux, and their e.m.fs. decrease. The 
changes in the e.m.fs. induced in these conductors will 
therefore balance each other. The conductor which paases 
through the position of maximum induction, however, will 
have a rise and faU of the e.m.f. induced which is not 
neutralised by a corresponding change in any other con- 
ductor, and this appears at the commutator brushes 
in the form of a ripple, with a frequency equal to the 
number of conductors passing a given point per second. 
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The actual form of this ripple is complicated by the 
grouping of the conductors in slots, and also by the distance 
apart of conductors forming one turn of the ■winding ; as 
stated above, only the simplest case has been considered 
here. 

In ordinary c.c. generators this ripple is eliminated by 
designing the field so that the e.m.f . induced is the same in 
conductors in any part of the flux, that is, the "wave form is 
flat topped. In the rotary converter this cannot be done 
on account of the sine wave form required, so the effect 
of the ripple is minimised by Tnalring it of as high a fre- 
quency as is permissible, consistent with other require- 
ments of the design. This is brought about by using a 
large number of conductors per pair of poles, the amount 
of the ripple being reduced, and its frequency increased 
thereby. This practice is advantageous in another respect 
also, in that it reduces the pressure between adjacent 
commutator bars, and thus lessens the liability to flashing 
over on the commutator. 

The variation in the number of coils short-ciccuited by 
"the brushes may also cause a ripple. For instance, in 
Figs. 7 and 8, in the position shown, one coil is short- 
circuited, whereas a short time earlier or later the brush 
■will be resting on parts of three bars, and two coils ■will be 
cut out : the number of active conductors between brushes 
therefore varies by two. In the rotary converter the coils 
thus added or subtracted are in the weakest part of the 
flux, and their influence is still further reduced by ha^sdng a 
large number of conductors per pair of poles, as the ratio of 
two conductors to the total number is thus made smaller. 

Ripple due to armature slots is caused by bunching 
of the flux, which takes place as a result of the higher 
reluctance of the airgap over the slots as compared ■with 
that over the teeth between them. When a tooth is 
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passing out froiigL under a field pole it carries this bunblied 
flux -with it a certain distance, until the reluctance of the 
path becomes too high and the flux, as it were, snaps 
back to the next following tooth. Similarly, when a tooth 
is approaching a pole, the flux may be considered as spring- 
ing out across the preceding slot to meet the tooth. The 
result of each of these is that there is a momentary increase 
of the e.m.f. in the conductors in these slots, producing 
a ripple with a frequency equal to the number of teeth 
passing one pole in one second. The armature slots should 
be of such a number as will produce a ripple with a frequency 
high enough to cause no interference with neighbouring 
circuits. 

Damper bars, as a rule, are not placed in open slots in 
the pole faces, but are passed through holes in the pole 
tips from one side to the other. Being composed of non- 
magnetic material, their presence increases the reluctance 
of those parts of the pole tips in which they lie, causing the 
flux to bunch in the spaces between the bars. Ripple due 
to this may be neutralised by either spacing the damper 
bars at a distance of one and a half times the armature slot 
spacuig apart, or placing the bars in adjacent poles so that 
when armature slots lie under the bars in one pole, armature 
teeth are under bars in the next pole. Two ri])plcs in 
oj)i)osition are then juoduced, which balance each other. 

Uneven Wear of Sliprings. — A good deal of trouble 
is often caused by uneven wear of shprings, hollows being 
formed in the rings, and burnt ])atches, due to sparking, 
aj)|)earing. These hollows arc found to corres})oiid in 
number to the [)airs of ]iolos in the field, and are due to the 
fact that, when the current is flowing from the ring to the 
brushes, the wear is greater than when it is in the o])posite 
direction. The amount of inequality in tlie wear depends 
on tlie length of time that any part of the ring is in contact 
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witli the brushes, that is, on the extent of the arc covered 
by the brushes. 

If this arc is of the same number of geometrical degrees 
as is contained in two pole pitches, each part of the ring 
■will make contact during the time taken for one cycle, 
although, of course, only certain points on the ring will 
begin and end their period of contact with the beginning 
and ending of the cycle. Other parts will come under 
the brushes earlier or later in the cycle, and will leave them 
correspondingly later, but the total result wiU be that 
every part of the slipring will carry current for an equal 
time in each direction. The wear wiU therefore be uni- 
form, so far as it is affected by direction of current. 

If the brushes make contact over an arc equivalent to 
less than two pole pitches, only certain points on the ring, 
equal in number to the pairs of poles, wiU have the wear 
equalised by being in contact with the brushes during equal 
parts of successive half-cycles. At aU other parts the 
rings wUl carry current for a longer period in one direction 
than in the other, and the wear wiU vary accordingly. 

There are many machines in service in which the slipring 
brushes cover too smaU an arc, necessitating frequent 
grinding or turning down of the rings. 



CHAPTER IX 

PRESSURE CONTROL 

By Simple Field Regulation. — The variation of the con- 
tinuous pressure of a rotary converter is not the strai^t- 
f orwaid matter that it is "witii the o.c. generator, on account 
•of the effect which field regulation has on the a.c. 
•characteristics of the machine. 

The vector diagram shows that varying the excitation 
•of a synchronous motor changes the phase angle of the 
current, and it is this alteration of the power factor, and 
the armature reaction effects arising therefrom, which 
constitute the problem with the rotary converter. 

When the converter is running with a lagging current, 
the actual field flux will not be that due to the exciting 
■current in the field coils alone, but will be composed of 
this plus the magnetising effect of the armature reaction, 
and the generated pressure will correspond. 

If an attempt is made to increase the generated pressure 
by increasing the field current, the lag of the armature 
■current is reduced and the magnetising reaction decreases, 
thus tending to counteract the increase of the field current. 

On the other hand, reducing the exciting current 
increases the lag and therefore also the armature 
magnetising effect. 

Similarly, when the current is leading, increasing the 
field current causes greater lead and increases the de- 
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magnetieing reaction, while reducing the exciting current, 
has the opposite effect. 

There is thus a differential action produced whereby any 
change in the field excitation causes an opposing change' 
in the armature reaction. 

Simple regulation of the field current, therefore, is of 
very httle use for varying the continuous pressure generated, 
unless something is done to prevent the phase angle of 
the current on the a.c. side hemg affected, and several 
methods are in use for this purpose. 

In general, such methods have for their object the- 
varying of the impressed pressure, and a glance at a vector 
diagram wfil show that if this is done in correct proportion 
to the change in generated pressure no change in power 
factor wiU occur. 

Control of the continuous pressure is thus obtained over 
a range varying with the method used, and while in some- 
cases the power factor varies to a certain extent, in others 
it may be maintained constant throughout the whole- 
range and at all loads. 

The several methods used are as follows : 

Varying the supply pressure at alternator 
terminals. 

Changing tappings at transformer. 

Series reactance. 

Induction regulator. 

Synchronous booster. 

Varying Alternator Pressure. — In comparatively few 
instances is it possible to vary the pressure at the alternator 
in accordance with the requirements of the converter, but 
where it can be done, as when the whole output of an, 
alternator is converted to c.c., no auxiliary apparatus is 
necessary beyond the field regulators of the two machines, 
while compounding may be obtained by means of an 
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automatic regulator for the alternator and a series winding- 
on the converter field. 

In the majority of cases, however, converters aro 
operated as part of the general load on an a.c. system, so 
that variation of the supply pressure at its source is 
impracticable. 

The methods employed in. such cases involve the use 
of apparatus which is a modification of, or additional 
to, the requirements for conversion alone, and in deciding 
which to adopt, regard has to be paid to the range of 
pressure variation required, as well as to the cost of the 
necessary apparatus. 

Changing Transformer Tappings. — It sometimes 
occurs that converters are required to give two distinct 
ranges of pressure at different times, as for instance, 440 
volts for public supply and 650 volts for tramway work. 
As in most cases these machines are used with transformers 
which reduce a high pressure supply to a value suitable for 
the continuous pressure required, such conditions are 
most easily met by altering the connections to the trans- 
formers so as to get the two desired values for the slipring 
pressures. 

Facilitiea can be embodied in the construction of the 
transformers, whereby the change may be made quickly 
and simply at the time of changing from one c.c. system 
to the other, although it is usually necessary to shut the 
machine down for the piupose. 

If a minor range of pressure variation is re(pured in 
addition this can be pro-vided for by one of the other 
methods of control, which by itself would not be sufficient 
for such a large step as that mentioned above. 

Field Regulation with Series Reactance.— Where the 
range required is comparatively small, that known as tho 
reactance method of control is usually adopted. 
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In tMs, use is made of tte e.m.f. of self-induction in 
soitable reactance coils in series witL. tlie supply circuit 
to efEect a variation of the pressure applied to the sliprings. 

This is done by varying the excitation of the converter 
and thus changing the phase angle of the current, leading 
current causing the resultant of the supply and reactive 
pressures to increase, and lagging current having the 
opposite efiect. A little consideration wiQ show that if 
the current were made to lag by 90 degrees, the reactive 
pressure, lagging a further 90 degrees would be in exact 
opposition to the supply pressure, while a current leading 
by 90 degrees would produce a reactive pressure in phase 
with the supply. In actual practice, of course, such 
extremes cannot be even approached on account of the 
efEect of the low power factor on the armature heating, 
and the restriction of permissible output thereby involved. 
Nevertheless, a range of pressure at the sliprings up to 
about 12 per cent, of the mean value can be obtained, 
while still keeping the power factor within practicable 
limits. 

The efEect of the reactive pressure can best be studied 
by vector diagrams. In Mg. 37 {a) I is the armature 
current leading by a small angle on E^, the pressure at the 
sKprmgs. E^ is the resultant of E„ the supply pressure, 
and the reactive pressure E^. which is induced in the react- 
ances by the current, and consequently lags therefrom by 
90 degrees. E^ will be seen to be equal to E^. 

With load remaining constant, strengthening the field 
causes the current to lead stiU further, and the resultant 
increases, as in (6), while a reduction of the field strength 
brings about the conditions shown in (c), the current lagging 
and Ej, being reduced, E„ remaining constant throughout. 
Thus the generated and impressed pressures are varied by 
field regulation, the efEect on the power factor being less. 
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and on the generated pressure greater, than it would bo 
without the reactance. 

At any load, for a given commutator pressure the power 
factor is fixed, as one of these cannot be altered without 
changing the other, while from no load to full load tin* 
pressure and power factor will remain practically oonstaiil. 
i£ the excitation and supply pressure are kept constaut. 
There may, however, be an increasing drop in the supply 
pressure with increasing load, in which case, in order that. 



the slipring pressure may be kept constant, it will tuivc to 
rise above that of the supply by an amount cMpial to tin'! 
drop in the latter. Further than this, there is the (piestiou 
of compounding required, at the c.o. end to allow for llie 
pressure drop in feeders, etc., so that the slipring prciSHiirt' 
may be required to be higher at full load than at no load. 

If the changes of load are few or gradual this may Ih‘ 
done by hand regulation of the converter field, but where 
rapidly fluctuating loads have to be dealt with aiitonmlie 
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Action is necessaxy, and is obtained by fitting a series winding 
to the field naagnets. By this means the field is strengthened 
with increasing loads and the generated and slipring 
pressures raised accordingly, the series field turns and the 
reactance being designed to give the required degree of 
compounding. 

"When compounded thus the current gradually advances 
in phase from no load to full load, and in order that the most 
favourable conditions may be obtained, the design is usually 
Arranged for a low lagging power factor at no load, im- 
proving to unity or thereabouts at full load. At the smaller 
loads, even wi^ the low power factor, the total current 
will be comparatively small and the heating unimportant. 

Fig. 37 shows that as the sHprmg pressure always lags 
behind the supply pressure, the power factors of converter 
and supply will be different. For example, in (a) the former 
is leading and the latter lagging, in (6) the current leads m 
both but by different angles, while in (c) it lags by a different 
angle in each. 

With the current leading the supply pressure, the 
power factor of the converter will be lower than that of 
the supply, and this becomes of importance when the 
question of the full load power factor of the machine is 
considered. 

If this is too low and leading the supply, while no doubt 
beneficial in correcting to some extent low lagging power 
factor in the system, yet the converter itself has to be made 
larger, and therefore more costly, on account of the heavier 
current it has to carry. 

On the other hand, by having the reactance designed to 
give unity power factor at the converter on full load, the 
energy is taken from the supply at a low lagging power 
factor. As a compromise, a slightly leading current at 
full load is often specified, and by this means the power 
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factor of tlie supply is kept as Idgli as possible ^without 
unduly lowering that of the converter. 

The wider the range of pressure control required, the 
greater will be the variation of the power factor necessary 
to obtain this, which results in a larger machine for a given 
rating. On this account reactance control is restricted, as 
mentioned above, to a range of about 12 per cent, total 
variation, all of which, however, may not be available at 
the commutator owing to the amount required to com- 
pensate for pressure drop on the supply side. 

The reactance in the supply circuit may be provided 
either by using transformers in which the normal amount 
has been increased by special design to the value required, 
or by separate reactance coils in addition to standard 
transformers. 

Induction Regulator. — ^In this method the pressure 
applied to the sliprings is varied by a piece of apparatus 
called an induction regulator or booster. This is a special 
type of transformer, which in its simplest form has two 
coils, the primary and the secondary, so arranged on a 
laminated iron core that the flux set up by a current in one 
coil links with the other. 

When the primary is traversed by an alternating 
current an alternating flux is set up in the core, and this 
produces an alternating e.m.f. in the secondary coil. 

The magnetising current in the primary lags by 90 
degrees from the pressure, and the flux will do lilcewise. 

The secondary e.m.f., depending as it does on the rate of 
change of the flux, will lag by a further 90 degrees, and so 
will be in the opposite direction to the primary e.m.f. round 
tlie core at any instant. 

The value of the pressure available at the terminals of 
the secondary will be proportional to the number of turns 
in the coil, so that by having a secondary with more or 
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fewer turns than the primary, a pressure greater or les» 
than the primary pressure will be obtained. 

For further details of the action of the transformer 
the reader is referred to Chapter XIV. 

Varying the number of secondary turns is not a practic- 
able method of regulating the secondary pressure of an 
induction regulator on account of its coarseness, mo-ving 
as it must do in steps instead of by even graduation, while 
the fact that regulation is required when under load intro- 
duces further objections. The two windings are therefore 
so arranged that their relative positions may be changed, 
so as to vary the flux liulriug with the secondary, and thus 
to vary the secondary pressure. 

This is done by placing one winding in slots in the surface 
of a cylindrical core somewhat like an armature, and the 
other winding in corresponding slots in the inner surface 
of a hollow cylindrical core which surrounds the former, 
leaving a very narrow airgap. 

The inner core is called the rotor and is capable of rota- 
tion through a certain distance by suitable gearing, usually 
operated by hand, while the outer core is the stator, and as 
its name implies, is fixed. 

Either of them may carry the primary or secondary 
winding. By placing the rotor so that the axia of its wind- 
ings coincides with that of the stator winding, the same 
flux links with both and the secondary pressure wUl have 
its greatest value, while its direction in the external circuit 
will have a definite relation to the direction of the pressure 
in the primary. If the rotor is moved through 180 degrees, 
the total flux linkage and secondary pressure will again 
be a maximum, but its direction in the external circuit will 
be opposite to that formerly existing relatively to the 
primary pressure. 

Midway between these two extreme positions the two 
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windings wiU be at right angles, and the flux linldng with the 
secondary zero ; the secondary pressure will therefore 
also be zero, and maybe built up gradually in either direction 
relatively to the primary by moving the rotor one way or 
the other, so increasing the flux linkage with the secondary. 

The arrangement of a single phase induction regulator 
is shown diagrammatically in Fig. 38. The primary is 
connected across the supply, and the secondary in series 
with the leads to the converter sliprings. 

The arrows show the direction of the pressures in the 
circuits at corresponding instants, and it will be readily 


■ Bao&f Zero Boost 
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Fig. 38, 


Boost 
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seen how the secondary pressure may be used to ojj})ose 
(as in (a)), or assist (as in (c)) the pressure to the converter 
by clianging the position of tlie movable winding, tlie 
secondary in tliis case. 

The upper limit of pressure variation will be the normal 
s\ipply ])ressure plus boost, and the lower limit normal 
minus boost. 

With polyphase supply the action is somewhat difl’erent, 
on account of the resultant effect of the several alternating 
fluxes with a phase displacement. 

If the primary coils of a 3-phase booster are arranged 
on the core with the proper space interval of 1 20 geometrical 

K 
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degrees between them, each wiU produce a flux, the three 
Huxes differing in. time by one-third of a cycle, or 120 
electrical degrees, and being displaced round the core by 
the same amount geometrically. The eflect of this is to 
produce a resultant flux 'which has a constant maximum 
value and rotates round the core, making one revolution 
in the time of one cycle of the supply. 

This flux will link -with the secondary windings, and as 
these are stationary and similarly spaced at 120 geometrical 
degrees, the flux linkage "with each secondary phase will 
alternate and induce secondary e.m.fs. with the correct 
phase displacement of 120 degrees. 

Now the value of -the secondary pressures will be 
entirely unaffected by the relative positions of primary 
and secondary phases, as the flux will sweep over every part 
of the secondary windings during each revolution. What 
will be altered, however, by shifting the rotor, is the phase 
angle between a given primary phase and any of the 
secondaries. 

Take, for example, a S-phase booster having the primary 
windings on the rotor, and the secondary phases connected 
in series -with the supply to a rotary converter, the primaries 
being energised from the same source of supply. 

With a certain position of the rotor the pressure induced 
in the secondaries will be in phase with the pressure in the 
converter circuit, and this will hold good for all three 
phases, as the supply pressures reach maximum in successive 
phases at intervals of 120 degrees, and so likewise do the 
boost pressures. The pressure applied to the converter sliji- 
rings -will then be equal to that of the supply, plus the 
secondary pressure of the regulator. If the rotor is moved, 
say 30 degrees, in the direction of the flux rotation, the phase 
of the boost pressure is advanced by that amount with 
respect to the direction of supply pressure in the secondary 
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•windings. Th,at is, a given pole of the flux -will now reach 
any secondary phase 30 degrees earlier, and the secondary 
pressure will lead the supply. 

If the rotor is advanced 180 degrees from the first position 
the primary flux will gain half a cycle on the rotation of 
supply pressures in the secondary, and the boost pressure 
■will be in opposition to the supply. 

The pressure at the converter sHprings, therefore, wifi 
at any "time be the resultant of 'the supply and boost 
pressures, the angle between these being capable of variation 
between incidence and opposition, and the resultant accord- 
ingly having a range from supply minus boost to supply 
plus boost. 

The vector diagram of these pressures is given in Fig. 39, 
Ey being the supply pressure, 
and Ej the pressure given by 
the secondary of the booster. 

The end of the resultant 
pressure vector E,. will lie some- 
where on the broken semicircle 
according to the phase angle be- 
tween supply and boost, and it 
is readily seen how E, becomes 
larger or smaller than E„ -with a 
constant value of Ej, by a change 
in the phase angle. When the 
angle is such that E,, lies on the 
])oint marked 0, E,. is equal to E^, 
that is, the eflective boost is zero. 

It will be observed that only 
at full boost in either direction 
is B, in phase with E^. With any other value of the 
effective boost these two are out of phase, and the power 
factor of the converter will differ from that of the supply. 
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■ Adiustment of tlie impressed pressure by the induction 
regulator and of the field strength of the converter enables 
the commutator pressure and power factor to be varied 
inde pendently, a very close regulation of either over a wide 
rang e being possible. A disadvantage is that the induction 
regulator itself is a comparatively expensive piece of 
appa ratus, and its use is only justified when the range of 
press ure control desired cannot be efficiently met by other 
methods. A diagram of the connections for a 3-phase 
regul ator is given in Fig. 40. 

Although the diagrams in Figs. 38 and 40 mdicate 



boosters having a two-pole field, these machiues may bo 
made multipolar by winding both parts with the requisite 
number of coils and connecting them in the proper manner. 

With a multipolar booster the rotor has, of course, only 
to be moved through 180 electrical degrees, or one pole 
pitch, to obtain the extreme range of boost pressure. 

Synchronous Booster. — The synchronous booster is a 
small alternator which has its armature windings connected 
in series with the supply to the a.c. side of the converter. 

In machines of large output the booster armature may 
be stationary, the field magnets biing mounted on the 
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converter shaft and the exciting current supplied through 
sliprings. The armature coils are coimected on one side 
to the a.c. suppl7, and on the other to the converter slip- 
ring brushes. 

It is more usual, however, for the booster field magnets 
to be stationary, and the armature to rotate with the 
converter shaft. In this case the armature coils are con- 
nected in the leads from the sliprings to the tappings of 
the converter armature. 

The pressure induced in the booster armature windings 
can thus be added to, or subtracted from the supply pressure, 
according to the direction of the booster field excitation. 
The booster field must obviously have the same number of 
poles as the converter field, as both afrmatures run at the 
same speed. 

Various arrangements of field excitation are used, such 
as shunt from the c.c. side of the converter, series, or com- 
pound. 

Booster field shunt circuits are provided with a regulator 
and in some cases a reversing switch, so that the boost 
pressure may be varied or reversed as required. For 
hand regulation the converter and booster field circuits 
may be entirely separate, or, in addition to the shunt 
winding on the converter poles, there may be an auxiliary 
winding connected in series with the booster field circuit, 
so that the boost and converter pressures are varied 
simultaneously. 

For compounding, the booster field may have a series 
winding carrying the c.c. load current, so as to vary the 
impressed pressure with the load, in wliich case hand 
regulation of the converter field is required in addition. 
Alternatively, both field systems may have a compound 
winding so tliat both pressures are varied automatically 
with the load. By hand regulation of both fields the 
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commutator pressure may be varied at will and the po'wer 
factor adjusted to any value. 

The practicable range of pressure control with the 
synchronous booster is about 12^ per cent, above or below 
normal, or 26 per cent, total, limiting factors being the 
effect which boosting has upon commutation and armature 
heating. 

"When the booster is in operation it is being driven by 
the converter, which transforms part of the electrical 
input into mechanical form to meet the load imposed 
by the booster. The power req[uired to drive the booster 
is equal to the work done in raising the pressure to the 
converter, so that what the booster receives in mechanical 
form from the converter is given back to it electrically. 
The input to the converter is therefore equal to the c.c. 
load plus the watts added by the booster, the latter 
quantity providing the motoring torque required to drive 
the booster. 

The foregoing applies to the conditions when the 
slipring pressure is beiag raised, i.e. the boost is positive. 

When the boost is against the impressed pressure the 
conditions are reversed, the pressure induced by the 
booster being in opposition to the current, and the booster 
therefore operating as a motor. The result of this is that 
power is transmitted mechanically from the booster to 
the converter, where it is again transformed and reappears 
in electrical form at the commutator as part of the c.c. 
output. 

The electrical input to the converter is thus reduced by 
the amount transformed into mechanical energy by tlio 
booster. 

To sum up, when the boost is positive the converter 
input is wholly electrical and the output partly electrical 
and partly mechanical, while when the boost is negative 



PRESSUBE CONTROL 


135 


the converter input ia partly mechanical and partly 
electrical and its output wholly electrical. In addition 
to its duty as rotary converter the machine may be con- 
sidered to operate as motor in the former case and as c.c. 
generator in the latter. 

The resultant armature current therefore has a pre- 
ponderating motoring or generating effect, and a cross 
flux arises which tends to distort the main field flux in 
one direction or the other, according to which of the 
above-mentioned conditions exists. 

The effect of this is to vary the flux in the commutating 
region and so cause sparking at the brushes. This may be 
to some extent overcome by providing the interpoles with 
an auxiliary winding which is connected in series with the 
booster field circuit, its effect assisting or opposing that 
of the main interpole winding in varying degrees, according 
to the direction and amount of the boost. 

When boosting is positive the interpoles, which are 
always of the same sign as the next poles ahead, have 
added to them the cross m.m.f. of the armature, which 
when the electrical input exceeds the electrical output, 
will produce poles in the armature of the same sign as 
the field poles behind them. The interpoles and their 
associated armature poles are therefore of opi}osite sign 
and the flux is increased. 

The auxiliary winding is connected in such a mamier as 
to reduce the interpole m.m.f. when the booster field is 
excited in the direction for positive boosting, the effect 
of the armature m.m.f. being thereby neutralised. When 
the booster field current is reversed for negative boosting 
the auxiliary excitation of the interpoles is reversed also 
and therefore assists the main winding, so compensating 
for the opposing effect of the armatinre m.m.f. which arises 
from the excess of electrical output over input. 
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The want of balance between electrical input and 
output when boosting also increases the R.M.S. value of 
the resultant armature current, with consequent increase 
of the armature heating for a given output with boost. 

The position of the boosts field poles with reference 
to those of the converter is of importance, as in order 
to get the maximum effect of the boost pressure it is 
necessary that it should always be in phase with the 
impressed pressure. 

When the load on the converter is increased the armature 
drops slightly behind its former position relative to the 
supply pressure, as was explained when dealing with the 
synchronous motor. 

This means that the armature tappings reach the 
position of maximum pressure later than the occurrence 
of the impressed pressure maximuTn, by an increasing 
degree as the load becomes greater. 

The booster armature bring rigidly coupled to the 
converter is affected similarly, and the boost pressure will 
lag by a corresponding amount. 

The pressure at the sHprmgs will no longer be that of 
the supply plus or minus boost, but the resultant of the 
two with a phase angle of more than zero and less than 
180 degrees. Such resultant would therefore be less than 
thrir sum with positive boost, and greater than their 
difierence with negative boost, thus requiring a wider 
range of excitation for a given range of pressure variation. 

In some machines the booster field magnets are 
arranged so that they may be rotated a certain distance 
by hand wheel and screw gear, and the boost pressure 
thereby adjusted so as to be in step with the impressed 
pressure, its value then being directly added or subtracted. 



CHAPTER X 


METHODS OF STABTINO 

Starting operations for rotary converters involve two 
main considerations, tlie actual starting from rest, and 
bringing up to full speed, and paralleling with both o.c. 
and a.c. systems. To parallel on the c.c. side, the chief 
essential is that the machine pressure shall be equal to 
that of the system to which it is to be connected, while 
on the a.c. side not only is an approximation to this 
condition necessary, but the frequency of the machine 
and supply pressures must be equal, and the two must be 
in phase opposition, before the armature is directly con- 
nected to the supply. 

The starting may be carried out from either side, as 
most convenient having regard to local conditions. Where 
the conversion is from a.c. to c.c. only, the starting is 
usually from the a.c. side, while when inverted running is 
required, c.c. starting may be provided. Wliere several 
converters are installed on one site and required to run 
either straiglit or inverted, the starting arrangements 
may be divided, some machines having a.c., and others 
c.c. starting ; abnormal conditions being thus provided for. 

C.(J. Starting 

In c.c. starting the converter is used as a motor, a 
suitable starter being used to enable the machine to be 
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biouglit up to speed, after whiclL the final adjustment of 
speed is made by field regulation imtil synchronism is 
obtained. Commonly, starters for this purpose are of 
the multiple switch type, where the steps of the resistance 
are cut out by closing a number of knife switches in 
succession, interlocking being fitted to ensure that the 
circuit-breaker controlling the starting may not be closed 
unless aU resistance is in (switches open), and fiurther, 
tliat the switches can only be closed in their proper 
order. 

Where the synchronising switch is on the high-pressure 
side of the transformers the low-pressure switches must 
be open for c.c. starting ; otherwise the armature would 
be practically short-circuited by the transformer secondary 
windings, and a very heavy current would be required for 
starting. These switches may be closed as the machine 
nears its full speed. With compound wound converters 
the series field winding must be out out at starting, to 
prevent the weakening of the field which would be caused 
by the current being in the opposite direction, when 
motoring, to that when generating. 

While it is not absolutely essential that the machine 
pressure should equal that of the supply when syn- 
chronising, yet the more nearly this is so the less dis- 
turbance will be created when switching in. 

The speed of the machine as a c.c. motor depending 
on the field strength, it may occur that the fins; which 
gives synchronous speed gives a value of the generated 
pressure different to that of the a.c. supply. When such 
difference exists more or less current will flow when the 
synchronising switch is closed, and this will lag or lead 
according to whether the machine or the supply pressure 
is the greater. The flux will be reduced or increased 
correspondingly by the armature reaction, and the speed 
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fluctuating, exchanges of power will take place between 
the two systems with more or less disturbance. 

To prevent this, arrangements are, usually made for 
the c.c. ckcuit-breaker to open just before the a.c. switch 
gets home, by means of a small trip switch operated by 
the latter. This is not required for converters fitted with 
a synchronous booster or an induction regulator, as in 
these the terminal pressure on the a.c. side may be adjusted 
without aflecting the speed. 

Manual Synehronising. — ^With reference to manual 
synchronising the following may be noted. When the 
machine is running at a speed slightly above that of 
synchronism its pressure will approach, pass through, 
and recede from opposition with the supply, going then 
through incidence and repeating this cycle of relationships 
at a low rate. Just before reaching opposition the machine 
wiQ be lagging from the supply, whUe after passing 
opposition it will be leading. 

If the switch is closed before opposition is reached, 
current will flow, and the incoming machine being lagging 
will be subjected to a motoring torque. Already running 
above normal speed it will tend to accelerate further and 
so pass through opposition at an increased rate, and now 
leading will act as a generator delivering power to the rest 
of the system, the consequent load torque then reducing 
the speed to its correct value. 

Wlien the switch is closed at the exact instant of 
phase opposition, no current flows (assuming the pres- 
sures equal) but the machine pressiue will continue 
to advance in phase owing to the higher speed, so 
bringing load on until the speed is checked. It will 
be obvious, however, that the disturbance will be less 
in this case than in the former, where power is first 
taken from the rest of the system and then returned. 
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with, tlie additional difladvantage of the higher speed at 
phase opposition. 

When the switch is closed after phase opposition has 
been passed the shock is more violent the further the 
machine pressure has advanced, and the load picked up 
may cause the speed to drop below the proper value, 
with consequent oscillation of power between the machine 
and the system. 

The same line of reasoning may be apphed to switching 
in when the speed is below that of S3Tichronism. When 
approaching phase opposition under these conditions the 
machine will be leading, and if the switch is closed too soon 
the current which flows produces a load torque, thus 
reducing the speed still further. The greater difference 
in the speed at exact opposition will necessitate a larger 
input of power, as the machine begins to lag, to bring it 
to synchronous speed, than if the switch were closed at 
the instant of opposition. 

In each case, then, closing the switch before exact 
synchronism is reached causes an increase in the amount 
by which the speed of the incoming machine differs from 
that of synchronism. 

It may be necessary, with some types of remotely con- 
trolled, or heavy manually operated synchronising switches, 
to commence the closing movement sooner in order that 
the actual connection may be made at the correct instant 
of synchronism. This, however, does not justify the 
statement sometimes met with, that the switch should 
be closed 'before synchronism is reached, which, as will 
be seen, will not bear examination. 

A.C. Stabting 

There are several methods in use for starting up from 
the a.c. side, either by means of an auxiliary, or “ pony 
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motor, or by baving tbe converter itself designed for 
self -starting. 

Auxiliary motor starting methods may be divided into 
two groups, manual synchronising, and self-synchronising, 
while self-starting converters are always self-synchron- 
ising. 

With the Belf-S3Tichronising methods now in use starting 
may be effected rapidly and simply, no skill being required 
on the part of the operator beyond the knowledge of the 
correct sequence of switching movements, these also being 
reduced to a miniTTmTu . 

The Induction Motor. — ^As auxiliary motors are of the 
induction type, while the self-starting converter also 
operates as an induction motor when starting, a short 
description of this type of motor is given to enable the 
reader to understand the principles involved. 

The stator of the induction motor is in the form of a 
laminated, hollow, cylindrical iron core, having coils 
wound in slots in its inner surface. These cods are so 
connected to a polyphase a.c. supply that the currents in 
them produce a rotating flux. 

The rotor in its simplest form is a solid iron or steel 
drum which when placed inside the stator, so as to. bo 
traversed by the rotating flux, has e.m.fs. induced in it, 
these causing currents which circulate in the mass. 

These currents react with tlie flux in such a way 
as to produce a motoring torque on the rotor, wliich 
is acting, in its various parts, as the current-carrying 
conductor. 

A development of the foregoing, whicli may perha])S 
be more easily understood, is the s((uirrol-cage rotor, in 
which a number of bar conductors are embedded in slots 
in a laminated core, all their ends being joined together 
on each side, so that the winding somewhat resembles the 
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wheel used for tame squirrels or white mice to exercise 
in, hence its name. 

When the flux rotates about such a winding e.m.fB. 
are induced in opposite directions in bars diametrically 
opposite (with a two-pole field), and currents circulate 
through these bars via the end connections. 

The result is that the bars are urged to move by the 
interaction between the current and the flux, and the 
rotor is subjected to a torque in the direction of rotation 
of the flux. 

On starting from rest the rate of cutting the bars by the 
flux is reduced and the induced e.m.f . thereupon falls off. 

The speed will rise until the e.m.f. induced is of no 
greater value than is required to produce sufficient current 
for the torque necessary to overcome the mechanical 
resistances to rotation. 

If the rotation were at synchronous speed the bars 
would be moving at the same rate as the flux and no 
effect would be produced in the rotor, a state of affairs 
impossible of attainment in practice. 

The rotor therefore runs at some speed less than that of 
synchronism, the amount by which it falls short of the 
latter being known as the slip and varying with the load. 

The greater the load on the motor the larger the rotor 
current required to maintain rotation, so that greater 
slip is necessary to produce the correct rate of cutting 
the flux for the e.m.f. required. 

To improve the characteristics of the motor, the rotor 
winding may consist of coils, three for a two-pole stator 
winding, the coils being joined in parallel and the current 
flowing by the common junctions. 

By bringing out one end of each coil to separate slip- 
rings the rotating field wiU produce three-phase pressures 
between the shprings. 
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The relative movement between the rotating flux and 
the coils being the slip, the frequency of the slipring 
pressures will equal the slip revolutions per second, multi- 
jjHed by the number of pairs of poles in the stator. 

The brushes on the sliprings are connected to three 
resistances which have a sliding bridge contact member 
which connects all three. By moving this bridge along, 
the amount of resistance in the rotor circuits may be 
varied as required, the currents circulating via the coils, 
resistances, and the common junctions. 

For a given speed of the rotor there will be a certain 
e.m.f. induced in its coils, so that by varying the resistance 
in the rotor circuits the speed may be regulated. 

For example, if when running at a certain speed the 
resistance is increased, the current and consequently the 
torque is reduced, and the speed will fall until the greater 
rate of slip increases the e.m.f. induced to such a value as 
mR produce the necessary current. 

Induction motor stators may be wound so as to produce 
one or more pairs of poles in the field when, of course, the 
speed of the rotating flux falls in proportion to such number 
of pairs, exactly as in the synchronous machine. 

Tlie rotor will also have a corresponding number of 
coils, those two pole pitches apart being joined in parallel, 
thus forming three grou])H. 

Induction Motor starting, Manual Synchronising.— 

As it is impossible for an induction motor to run at the 
synchronous speed of the flux, it would, if having the same 
number of poles as the converter it is intended to start, bo 
unable to bring the latter to full speed. 

To overcome this difficulty the auxiliary motor is made 
with one pair of poles less than the converter, and tlius 
has a higher speed. When the slipring type is used the 
speed may be adjusted for synclironising by regulating 
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the rotor resistances. With, squirrel-cage or solid rotors 
such speed regulation is not available and means are 
therefore provided for imposing an artificial load on the 
motor by loading tlie converter electrically. 

This tahes the form of a resistance connected between 
the a.c. terminals of the converter and capable of being 
varied by a rheostat. The converter set becomes virtually 
a motor-generator, and by varying the loading current 
by the rheostat the speed of the motor may be adjusted 
as required. 

As a rule only a few steps are provided on the loading 
rheostat, and the common practice is to keep the regulator 
arm in a position foimd by trial to be the nearest correct, 
final adjustment .to exact speed being brought about by 
varying the converter field and with it the pressme acting 
on the loading resistance. 

In manual synchronising, auxiliary motor starting, the 
converter is simply run up to speed by the motor and 
synchronised by the operator, after which the starting 
switch is opened, cutting off the supply to the motor, the 
rotor of which then runs idly. 

A switch is also provided to enable the loading resistance 
to be disconnected when synchronising is completed. 



CHAPTER XI 

METHODS OF STARTINQ—QoriXvaMQ^ 
Self-sytstoheonising Methods 


Effect of connecting Alternators having Unequal Fre- 
quencies. — Self-synohromsing methods depend, in general, 
on the fact that two alternators when connected in 
parallel will endeavour to place themselves so that their 
respective pressures are in opposition, and will maintain 
this relation automatically. 

This tendency exists even when their frequencies are 
unequal, the two machines being subjected to alternating 
torques, these torques being displaced so that when one 
machine is generating the other is motoring. To see the 
reason for this let us look at the conditions by means of 
vectors. 


Two vectors representing alternating pressures are 
stationary with respect to each other only while their 
frequencies remain equal. Any change in the frequency 
of one of the pressures causes its vector to change its position 
in a forwards or backwards direction, according to whether 


the frequency increases or decreases. 

The two pressures win then be completing their respective 
cycles in unequal times, with the consequence that one of 
them win gain upon the other at a rate dependent on the 
difference between the frequencies. For example, if of 
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two 60 cycle frequencies one is increased to 60 cycles, this 
will now gain one-fifth of a cycle on the other for each cycle 
completed by the latter, one going through 6 cycles and the 
other 6 cycles in the same time, viz. one-tenth of a second. 

Of their vectors, one may be considered stationary 
while the other rotates about their common point at the 
rate of ten revolutions or cycles per second. If the 60 cycle 
vector is taken as the stationary one, the other will rotate 
forwards (anti-clockwise), while if the 60 cycle vector is 
stationary the rotation of the 50 cycle vector will be back- 
wards. The two pressures will be m opposition at intervals 
of one-tenth of a second, passing through incidence midway 
between these instants, one having completed three cycles 
from opposition and the other only two and a half cycles. 

When the difference between the frequencies is constant 
the speed of the rotating vector wdL remain constant, but 
if one frequency is continually changing with respect to the 
other, the rotational speed of the vector will also be con- 
tinually changing. 

It may help the reader to grasp these ideas better 
‘ if we translate them into physical relationships by consider- 
ing the relative positions of two armatures producing the 
pressures. 

When their speeds and frequencies are equal correspond- 
ing points on each armature will occupy the same relative 
positions at every instant, and may therefore be said to be 
stationary with respect to each other. Increasing the speed 
of one causes it to advance relatively to the other by com- 
pleting each revolution in a shorter time. 

Ikequencies of 60 and 60 cycles correspond (with a 
two-pole field) to speeds of 60 and 60 revolutions per second, 
so that while one armature has done 60 revolutions, the 
other will have done 60, thus gaining 10 revolutions in 
one second, or 1 revolution in one-tenth of a second. 



METHODS OF STARTING 


147 


If the two armatures were running side by side with 
their shafts in line and we imagine an observer on each, 
the position of each observer will remain unchanged, from 
the point of view of the other, while the speeds are equal. 
With the difEerent speeds mentioned above the observer 
on the slower of the two will see his colleague pass him ten 
times per second going forwards, while the latter will see 
the first pass him an equal number of times, but backwards. 

From this it will be seen that the representation of two 
pressures of different frequencies by two vectors, one 
stationary and the other revolving, gives a true picture of 
the facts. 

In these circumstances the pressures are alternately 
leading and lagging from opposition with each other and 
consequently, as already stated, each machine is acting 
as motor and generator in turn, and being accelerated and 
retarded accordingly. It wiU be found convenient to con- 
sider the whole of these effects as occurring in the incoming 
machine only, the other being assumed as a supply system 
large enough to be unaffected thereby. 

The effect of this alternating torque on the incoming 
machine is such that when the pressures are approaching 
opposition the difference in the frequencies tends to increase, 
while after passing opposition the difference is reduced. 
This is illustrated in Fig. 41, where the moving vector is 
distinguished by the arrow crossing its free end. In [a) the 
pressures are approacliing opposition and Eo, already the 
faster of the two, is subjected to a motoring or accelerating 
torque, as shown by the broken-line arrow. In (b) Eo has 
passed opposition and is being retarded by a load torque. 

The effect of the incoming machine having a lower 
frequency than the supply may be seen by reversing the 
arrows indicating the direction of motion of the vector. 
The torque arrows will be unchanged, and the same result 
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as before is obtained, the difference between tbe frequencies 
is increased when approaching opposition, and decreased 
when receding therefrom. 

This is seen to be in confirmation of the explanation 
given in the preceding chapter of the effect of closing the 
synchronising switch before the exact instant of synchronism 
is reached. 



If the period of time during which the synchronising 
torque is operating is long enough, having regard to the 
value of the torque and the rotating mass to be acted upon, 
the change in the speed will be such that the machine will 
drop into step. If the difference in the speeds is too great, 
the time available is too short for the required change to be 
fully brought about, and the incoming machine will continue 
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to nm at a speed wliioli will fluctuate about a mean value, 
by virtue of tbe alternating torque. 

Resultant of Two Pressures of Different Frequencies. 
— The resultant of two pressure waves of diSerent fre- 
quencies has a wave form the maximum value of which 
is continually changing, being equal to the sum of the two 
fundamentals when these are in incidence, and to their 
difference when they are in opposition. 

It is these variations which are shown by the 
synchronising lamps used when paralleling alternators, 
as described in Chapter VII. The rate of occurrence of the 
dark periods wiU be equal to the difference between the two 
frequencies, each bright period being made up of a number 
of cycles of a wave which has a varying amplitude and 
frequency. 

The wave form resulting from two pressures of different 
frequencies is known as a heterodyne, of which the “ beat ” 
frequency, or rate of occurrence of the maximum ampli- 
tudes, is equal to the difference between the fundamental 
frequencies. 

If the incoming machine was switched in when near 
synchronous speed and left to pull into step, such heavy 
currents would flow under the influence of the heterodyne 
as would cause serious disturbance to the rest of the system, 
as well as the possibility of damage to the windings of the 
machine itself. In self-synchronising methods of parallel- 
ing rotary converters, therefore, the object is to restrict the 
effect of the two pressures to some extent, so as to prevent 
undue disturbance, while at the same time allowing of 
sufficient current to pull the machine into step. 

Tap-Starting 

In the method now to be explained the converter 
is used as an induction motor for the time being when 
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staxting, and its armature is therefore connected to the 
supply at the commencement, but the field circuit is 
broken by leaving the field switch open, so that no e.m.f. 
is induced in the armature as the speed rises. There is 
thus only the impressed pressure (which is reduced from that 
of the supply) present in the drcuit until a selected moment, 
when the field switch is closed and the generated pressure 
appears, the synchronising action thereupon takmg 
place. 

The reduction of the supply pressure spoken of is obtained 
by means of special tappings to the transformer windings. 
These are arranged to give one or two intermediate steps 
before full pressure is applied, so keeping the value of the 
starting cuorrent within safe limits. Where there is only 
one intermediate step this may give about one-third, and 
with two steps one-quarter and two-thirds of full pressure- 
Tap-starting is the general name given to this method of 
starting synchronous machmes. 

When the polyphase supply is switched on to the con- 
verter armature, the currents set up a rotating flux therein, 
the direction of which will be opposite to that of the normal 
rotation of the armature. The damper winding fitted to th e 
field poles of the rotary converter, if made continuous round 
the field system, is in effect similar to the squirrel-cage 
winding of the rotor of an induction motor. The rotating 
flux cuts the damper bars and induces e.m.fs. therein, 
which produce currents in ^actly the same way. 

The squirrel-cage being fixed in this instance, the torque 
developed between the armature flux and the squirrel-cage 
currents causes rotation of the armature itself, the motion 
being in the direction tending to reduce the relative speed 
between flux and conductors, or opposite to the rotating 
flux. 

The converter will tha:rfore run up to a certain speed 



METHODS OF STARTING 


151 


which gives a slip suitable for the torque required, as in the 
normal induction motor. The flux will stiU be rotating 
backwards round the armature at synchronous speed, but 
owing to the forward motion of the armature at a somewhat 
lower rate, the actual speed of the flux with respect to the 
damper winding will be equal to the diSerence between 
armature and synchronous speeds, this being the slip speed. 
Clearly the machine will be unable to attain any higher 
speed unless the conditions are modified in some way or 
other, but before going on to the question of how this is 
done, we may glance at the reason for certain precautions 
which have to be taken with tap-started converters. 

Alternating E.M.Fs. induced in Field Windings. — 
As the rotating flux sweeps round the field system any 
residual flux in the main field poles is destroyed, and in its 
stead the magnets will be traversed by a flux which 
alternates in direction. 

This alternating flux, linking with the field coils will 
induce e.m.fs. which, as the coils are connected in series, 
may result in a total pressure of a very high value, imposing 
severe stresses on the insulation of the coils. The field 
circuit is, therefore, preferably broken in several places by 
a multiple switch, so as to isolate each coil. The effect is 
most pronounced at first switching on the supply, owing to 
the high speed of the rotating flux. As the armature speed 
rises, the speed of the flux, and also its frequency in the 
stationary field poles, is reduced, and the e.m.f. induced in 
the field windings becomes less by reason of the lower rate 
of change of the flux. 

Another effect whicli has to be guarded against is 
due to the self-induction of the armature coils. In 
those coils which are short-circuited by the commutator 
brushes, the opposing e.m.f. of self-induction produced 
by the alternating current has the effect of shunting the 
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cuirent tbcougL. the brush. As a result of this, when 
the armature is in motion, the sudden change of the 
current round any coil to full value as it leaves a brush 
causes a big increase in the self-induced e.m.f . and sparking 
occurs from the commutator bars to the brushes. This 
is particularly noticeable when first switching on the supply 
and when changing from one set of tappings to another 
while running up, on account of the relatively large currents 
which flow at these times. To avoid this sparking, tap- 
started converters frequently have gear fitted for raising 
the commutator brushes during the starting operation. 

Alternating Pressure on Commutator. — ^When the 
converter is running as an induction motor at a speed less 
than synchronism there will be alternating pressures 
between points 180 degrees apart on the commutator, 
these pressures being caused by the movement of the 
rotating flux across the armature conductors. 

At all speeds of the armature the relative motion 
between the flux and the conductors is the same, the flux 
always rotating backwards round the armature at syn- 
chronous speed. There is consequently an e.m.f. induced 
in the conductors which has the same frequency as the 
supply, and this will be so at all speeds of the armature, 
the rotation of which merely varies the speed of the flux 
with respect to the ground. 

Between points on the commutator 180 degrees apart, 
then, there will be alternating pressures having the same 
frequency as the supply, and when the armature is 
stationary these pressures will appear between adjacent 
sets of commutator brushes with the same frequency. 

When the armature is rotating, however, the speed of 
the flux and consequently of the induced pressures in the 
conductors, while still at synchronous rate round the 
armature is reduced with respect to the stationary com- 
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imitator bruslies. Tlie pressure between tbe latter will 
therefore have a lower frequency, this being, in fact, 
equal to the difierence'between the supply frequency and 
that corresponding to the rotational speed of the armature. 

For example, with an eight-pole machine and a supply 
frequency of 60 cycles, the speed of the flux will be 760 
revs, per minute, or 12'6 per second. If the armature is 
rotating forwards at one rev. per second the actual speed 
of the flux with respect to the brushes will be 11 '6 revs, 
per second, and the field having four pairs of poles the 
frequency at these brushes will be four cycles per rev., or 
46 per second. 

This is the frequency of the slip, or the product of 
the slip speed in revs, per second and the number of pairs 
of poles. 

When the armature is stationary the slip is equal to 
the supply frequency, while with the armature at syn- 
chronous speed the slip is zero and the pressure at the 
commutator brushes will be constant in value, that is, 
a continuous pressure. 

It is to be observed that these pressures are due to the 
self-induction of the armature winding, being produced by 
the flux set up by the currents therein, and as such they 
will be 180 degrees out of phase with the supply pressure, 
or in opposition. 

It follows, then, that when the pressure impressed to a 
pair of 180 degree tappings reaches maximmn, the pressure 
between those commutator bars at the other ends of 
the coils to which the tapjhngs are made will be maximimi 
also. If the occurrence of impressed maximum coincides 
with the arrival of the tapping coils at the brush jjosition, 
this maximum will appear at the brushes, which will be 
of the same sign at that instant as their associated tappings. 
For example, at such an instant the tapping which is of 
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positive sign, tlie pressure being into the armature, will 
have the seU-mduced armature pressure in opposition, 
that is, out of the armature, and the corresponding 
commutator brush will therefore be positive also. 

If the armature is running below synchronous speed, 
the tappings will have trav^ed less than 360 degrees 
when next maximum occurs in the same direction, so that 
by the tune they get to the brush position the pressure 
will be less than bdEore. After one quarter of a shp cycle 
the tappings will be equidistant from the brushes at 
impressed maximum, and the pressure at the brushes 
win be zero. A further quarter of a slip cycle will bring 
the tappings again to the brush positions when TnaxiTnum 
in the dicection first considered occurs. Now, however, 
the tappings have slipped 180 degrees, or one pole pitch, 
so that although the same tapping is positive again at this 
instant, its coil is now under the other brush, that is, the 
signs of the commutator brushes are reversed. 

Self-synchronising. — Two brushes of difierent sign 
having been left down on the commutator for the purpose, 
a voltmeter connected to the terminals of the machine 
will show by the oscillations of its pointer the frequency 
of the pressure at the commutator, and therefore the 
amount of the shp. This voltmeter is of a type, such as 
the moving coil instrument, which shows the direction of 
the pressure as weU as its value, and with a scale reading 
either way from a central zero. 

At first, the shp frequency being high, the moving 
parts are unable to follow the rapid fluctuations of the 
pressure, but as the shp becomes less the pointer begins 
to oscillate about the zero mark. At the highest speed 
of the machine the swings will occur at a low rate and 
equally in each direction, the maximum reading either way 
indicating that 180 degree tappings have arrived at the 
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brusli positions at the same time as the occurrence of 
maximum impressed pressure. 

At each of these instants the armature is in a position 
correct for synchronism, so that if the held connections 
are correct, the closing of the field switch will produce a 
flux which will induce in the armature pressures in the same 
direction as those self-induced, that is, in opposition to 
the impressed pressures. 

The frequency of this generated pressure depends on 
the speed of the armature, and will, of course, he lower 
than that of the supply. It wiU, therefore, drop behind 
from phase opposition and the resultant thereupon arising 
win produce a motoring current which, if the difference of 
speed is not too great, will accelerate the armature into 
synchronism. 

At each of the two instants indicated by opposite 
swings of the voltmeter the same arrangements of field 
connections wiU give the required polarity to the field 
magnets. 

This arises from the following considerations. 

Tlie direction of induced pressure required in any 
conductor is the same in each case, as the direction of 
impressed pressure is the same in each case. 

The conductors, however, will occupy different positions 
at each of the two instants, these positions being separated 
by one pole pitch, therefore, if the field were constantly 
excited, they would be under poles of opposite sign at the 
difierent times we are considering. 

The field circuit is energised from the commutator 
brushes, however, and we have seen that these change 
their signs for each half-cycle of slip. The field current 
will therefore be reversed to correspond, and consequently 
at each successive instant of synchronism any conductor 
^vill be under a pole of the same sign. 
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If tlie machine is run up with the fidd switch closed 
the reversals of fidid polarity at each half slip cycle will 
be brought about automatically by the reversals of pressure 
at the commutator. 

Phase opposition between generated and impressed 
pressures will then occur twice per slip cycle and the 
armature will be subjected to an alternating torque, retard- 
ing as opposition is approached and accelerating as this is 
receded from. This torque will be superimposed on the 
induction motor torque until finally the change of speed 
produced during the acceleration period will be sufficient 
to bring it up to synchronous rate and the machine will 
be puUed into step with the supply. This it will do, from 
the nature of things, with perfect indifference to the 
direction of pressure at the commutator, this depending 
on the particular half of the slip cycle during which 
synchronism has been reached. 

It is, however, necessary that a certain definite direction 
of pressure is obtained in order to allow of the machine 
being paralleled with other plant on the c.c. side. In 
practice, therefore, the field switch is kept open until the 
machine is at its maximum speed, i.e. the voltmeter 
oscillations at their lowest rate. 

As the pointer reaches its maximum reading in the 
desired direction, indicating correct c.c. polarity, the field 
switch is closed and the generated pressure builds up, the 
machine then pulling into step. 

Clearly, the higher the speed reached as an induction 
motor, the less effort will be required to bring the speed 
to synchronous value, and the smaller will be the current 
for the power input necessary to do this. 

For this reason, as weU as to reduce the starting current 
required, some makers fit tap-started converters with 
ball or roller bearings, which with their small frictional 
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losses, have the double advantage of enabling the machine 
to run with smaller slip and of reducing the power required 
to bring about the change of speed when synchronising. 

Synchronising with Wrong C.C. Polarity. — ^It may 
occur that owing to delay in closing the field switch, the 
field has not time to build up sufficiently to pull the 
machine into step at once, and either one of two things 
may happen. The generated pressure is constant in 
direction at the brushes whereas the self-induced pressure 
win reverse as the shp continues. If the former is greater 
than the latter actual reversal of the resultant pressure at 
the commutator will be prevented, while if the converse 
holds the pressure will reverse and the machine will puU 
into step with incorrect polarity. 

With the first of these the generated and impressed 
pressures will go through phase incidence, and a heavy 
current will flow, with oscillations of power from and to 
the rest of the system as the machine passes through 
incidence to opposition once more and finally pulls into 
step. Obviously this is a state of affairs to be avoided, 
if possible, by correct closing of the field switch. 

If incorrect polarity is obtained this may sometimes be 
remedied by opening the field switch once more, when 
synchronism may be lost and induction motor running 
be resumed, another attempt then being made. 

Often, however, with the reduction of tlie generated 
pressure consequent on breaking the field circuit, the 
current will lag sufficiently to maintain a flux strong enough 
to keep the machine in synchronism. 

It will then run on as a synchronous motor, the residual 
flux being augmented by the magnetising component of 
the armature current. 

To provide for this, the field switch is usually arranged 
for double-throw operation, so as to reverse the connections 
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to the field circuit. When sjnachiomsm with incorrect 
polarity occurs this switch is thrown over, so reversing 
the field current, the flux thereupon falls to zero and the 
armature begins slipping once more. The conditions are 
now as when first running up, with the important difference 
that the field connections are reversed. Thus when the 
tappings coincide with the brush positions at impressed 
maximum the direction of the field current will be such 
as to create a flux which will induce a pressure in the same 
direction as that impressed. This generated pressure, 
however, is opposite to that of self-induction, so that any 
attempt of the field to build up is neutralised by the 
opposing pressure induced thereby. The same thing 
occurs at each half-cycle of slip, so that while the field 
connections are reversed the machine cannot pull into 
step. 

After the field is reversed, then, and sjmchronism is 
lost, the switch must be brought to the open position 
again and the next swing of the voltmeter in the required 
direction awaited. The operation of correcting the polarity 
in this manner is known as “ slipping a pole,” from the fact 
that when it is done, a given point on the armature drops 
back one pole pitch relatively to a similar point on a 
synchronously running armature. Actually, however, 
any odd number of poles may be slipped, this depending 
on the number of slip cycles which elapse between losing 
and regaining synchronism. Slipping an even munber 
of poles would result in incorrect polarity again. 

It should be observed that the real function of the 
reversing switch is not to reverse the c.c. polarity, but 
only to kfll the field flux to ensure synchronism being lost. 

Changing to Full Pressure Tappings.— When the 
converter has pulled into step, as indicated by the c.c. 
voltmeter remaining steady in the proper direction, the 
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supply may be changed over from the low-presBiire tappings 
to full pressure. In making the change it is necessary 
that the low-pressure connections should be broken before 
the full pressure connections are made, to avoid the sections 
of the. transformer windings between the tappings being 
sbort-circuited by the switches. 

This means that for a brief space of time the con- 
verter is disconnected from the supply, and if the operation 
were unduly prolonged synchronism would be lost by the 
machine slowing down. To prevent this the change over 
should be carried out as speedily as possible, and where 
independent switches are used it devolves on the operator 
to make the movements in the proper order and without 
delay. 

Modem arrangements take the form of switches so 
connected mechanically that one movement of an operating 
lever opens and closes the connections in their correct 
sequence, while any hesitation or delay is met by the lever 
becoming locked in the intermediate or “ ofi ” position, 
whence it can only be moved to the low-pressure or 
“ starting ” position, thus preventing the “ running ” 
position being gained after the machine has had time to 
lose synchronism. 

After lowering the remainder of the commutator 
brushes the converter is ready for paralleling on the c.c. 
side. 



CHAPTER XII 

METHODS OF STABTINO—aon^in-aQd. 

Auxiliary Motor with Series Bbaotanobb, 
Selb-synohrohisino 

Ik this method a separate starting motor is used to 
bring th.e converter up to speed, after which the slip- 
rings are connected to th.e supply with reactance coils in 
series to limit the current in the circuit while the machine 
is synchronising. 

A simple diagram of the connections is given in Fig, 42, 
where, to avoid confusion, only those to two 180 degree 
tappings are shown, the machine being assmned as of six 
phases. 

The method of transformer connections known as dia- 
metrical is used (see Chapter XIV.), in which the six phases 
at the converter are derived from three entirely independent 
windings at the transformer. The machine is thus supplied 
by three single-phase circuits, one of which is shown in 
the diagram, and the other two, identical in arrangement, 
indicated by the numbering of the various connections 
to switches, etc. As will be seen from Fig. 42, a switch is 
provided in one lead of each pair, these being combined 
into a three-pole switch. When this is open each of the 
circuits is broken and no current can flow. 

When the supply is switched on to the primary windings 
of the transformer the secondary pressure will appear on 

100 



'AJRTING- 


161 



^ -t? 

u s s. 
> lo 

$ 

'o s 
■n't 

b b 


yi 


«A 


:g 

T 


a 

i 


I 

s| 

il 

I* 

K 


'8 S’ 
o ^ 
« u 

Il 

.t ■<- 
»o ^ 




162 BOTABY AND MOTOB OONVEBTEBS 


tke a.c. voltmeter SV -whicli is connected across the break 
in the secondary circuit at the main switch. On closing 
the starting switch the motor begins to run the converter 
up, and the field circuit of the latter being closed it begins 
to generate its own pressure, which will be indicated on 
the c.c. voltmeter, connected in the usual maimer. 

There will now be two pressures of different frequencies 
in the circuit formed by the transformer secondary and the 
conveorter armature, and then resultant will be shown by 
SV pulsating at a rate equal to the difference in the fre- 
quencies. The actual current in this circuit will be 
negligible, being only the very small one taken by the 
voltmeter, the effect on the commutator pressure will 
therefore be nil and the c.c. voltmeter will rise steadily 
as the generated pressure builds up. 

As the converter frequency increases with the rising 
speed the beats of the resultant pressure will get slower, 
the instants of opposition and incidence of the fundamentals 
occurring at the Tninimum. and maximum readings respec- 
tively, on the a.c. voltmeter. The starting motor, which 
has one pair of poles less than the converter, is designed 
with such slip that its maximum speed is somewhere about 
synchronous speed for the converter, while the position of 
the field regulator for starting, as found by the makers 
on test, allows the generated pressure to build up to n 
certain value at the same time, usually about 100 - 16 (^ 
volts on the c.c. voltmeter. 

When the specified figure is reached, and at a time wlieii 
the a.c. voltmeter, which is now pulsating slowly, is near 
the lowest point of its swing, i.e. pressures approaching 
opposition, the main switch is put into the intermediate 
position, connecting the converter and the supply with the 
reactances in series. The two pressures still having slightly 
different frequencies, will begin to depart from opposition 
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once more and a current mil flow producing a synduronising 
torque, thereby pulling the converter into step. The 
current is kept within safe limits by the reactances, even 
if synchronism should not be attained at once and the 
pressures should pass through incidence. 

"When the machine is in step the a.c. voltmeter falls 
nearly to zero and remains steady. The main switch, 
which has been prevented by a catch from being pushed 
right home at one movement, is now drawn back slightly, 
when the catch falls and the switch may be closed into 
the running position, short-circuiting the reactances and 
connecting the machine directly to the supply. The 
main switch is sometimes arranged so that the final move- 
ment operates a device which trips the starting switch ; 
where this is not so done the starting switch is opened by 
hand, and the converter is ready to be connected to the 
c.c. bus-bars. 

Failure to Synchronise.— It may rarely happen that 
the machine will fail to pull into step, as the result of some 
item of the starting conditions not being in order. As 
the causes of this are often not easily apparent to the 
operator, it is convenient for him to be able to recognise 
the condition should it arise, so that he may take action 
for its remedy without undue loss of time. 

Failure to synchronise is indicated by the a.c. and c.c. 
voltmeters continuing to pulsate without slowing down, 
aft(!r the main switch is put on to the choker contacts. If 
the latter movement has been performed too soon, the speed 
will be too low to allow of the synchronising torqu(3 bringing 
the machine into step, and slipjung continues. The start- 
ing motor is then, in effect, acted on by two pressures of 
different frequencies in parallel ; its torque therefore 
falls off, and it may be unable to accelerate any further, 
but will continue to run at a sx)eed which is too low for 
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synoliromsmg. In these circumBtances the converter 
field should be weakened, thus reducing the generated 
pressure, when the speed will be heard to rise, and the 
pulsations of the voltmeters will slow down until the 
machine pulls into step. 

Wrong position of the fidd regulator giving too strong a 
field, or a.c. supply pressure below normal, tend to cause 
failure to synchronise with the converter below correct 
speed. 

On the other hand, if the field is too weak, or the supply 
pressure is above normal, the machine may go above 
synchronous speed and stay there, refusing to pull down 
into step. The opposite procedure to the foregoing should 
be followed in this event ; strengthen the field and the 
speed will fall. 

Reversal of Polarity. — ^When the converter has been 
connected to the a.c. supply with the reactances in series, 
a HiTnilar state of affairs exists on the commutator to that 
described for the tap-started machine. The current in 
the armature produces an alternating pressure at the 
commutator brushes with slip frec[uency, and this is 
modified by the continuous pressure generated by the 
rotation of the armature conductors through the field. 
If the continuous pressure is the greater of the two, their 
resultant merely fluctuates, as shown on the c.c. voltmeter ; 
but if the alternating pressure should be the greater, the 
resultant at the commutator brushes will reverse and the 
machine may pull into step with incorrect polarity. 

A reversal of polarity may sometimes be prevented 
when about to occur, by prompt handling of the field 
regulator. 

If, on putting the main switch on to the choker contacts, 
the c.c. voltmeter is seen to make a rapid swing towards 
the zero of the scale a reversal is imminent, and the field 


METHODS OF STARTING 


166 


should be strengthened as quickly as possible to build' 
up the generated pressure. Should the reversal take place 
in spite of this, the field should be weakened again to try 
and prevent the machine puffing into step and to encourage 
another reversal, afterwards being strengthened once more 
to retain the correct polarity so obtained. This, which 
perhaps reads as rather complicated, is in reality very 
simple, when once the underlying principle is grasped, 
and is a procedure which is actually put into practice in 
a case within the author’s own knowledge. 

If the machine synchronises with wrong polarity it 
should be switched out and allowed to come to a stand, 
or nearly so, and then restarted with a weak field, so as 
to induce another reversal. By keeping the generated 
pressure down and closing the main switch on to the choker 
contacts just before synchronous speed is reached, it should 
be possible to get reversals at the commutator brushes, 
when the correct polarity may be selected by strengthening 
the field as the c.c. voltmeter is making a swing in the 
required direction. 

. When a reversal cannot be corrected in any other way, 
a common ])ractice is to stop the machine, lift and insulate 
the brushes from the commutator, and energise the field 
from the bus-bars by closing the c.c. circuit-breakers and 
switches, after which a fresh start is made. This method 
is not to bo recommended if it can be avoided, as in the 
absence of a discharge resistance between the terminals 
of the field circuit, a severe strain is imposed on the 
insulation of the field coils by the e.m.f. of self-induction 
when the circuit is broken again, many cases having 
occurred of field coils breaking down on this account. 

Normally, such things as failure to synchronise or 
reversal of j)olarity should be rare, as the operator has 
in his a.c. voltmeter a reliable indication of the difference 
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between tbe generated and supply frequencies, and can 
tberefore select tbe most favourable moment for closing 
the main switcli, when, with, the c.c. voltmeter well up, 
the result should be certain. 

When, however, things do not go ofE “ according to 
plan,’' such hints as the foregoing may be of assistance to 
him in finding a way out of -^e difficulty. 

Series Induction Motor starteno, Self- 

SVNOHRONISING 

In this method separate reactances are not used, the 
windings of the starting motor being connected in aeries 
with the converter armature instead ; the arrangement 
is shown in Kg. 43. 

When the starting switch is closed the set runs up, 
the starting current flowing through the windings of the 
converter as well as those of the motor. The armature 
fluxes produced by the current will be too weak to destroy 
the residual flux in the field magnets, and although the 
field circuit is closed, the high inductance of the coils 
prevents the alternating pressure on the commutator from 
producing sufficient current to afEect the residual flux. 

The generated pressure, therefore, bmlds up in the 
proper direction and the actual pressure at the commutator 
brushes will be the resultant of the generated pressure, 
which is constant in direction, and the reactive- pressure 
due to the starting current, which is alternating. 

The generated pressure soon reaches a value which 
prevents the reversal of the resultant, and thereafter the 
latter simply pulsates while remaining constant m direction. 
The variations of the pressure at the commutator brushes 
are shown on the c.c. voltmeter, while the resultant of the 
supply and generated pressures on the a.c. side is indicated 
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by the a.c. voltmetei connected across the main switch 
(see Kg. 43). 

When near synchronous speed the armature will be 
acted on by a synchronising torque in the usual way and 
may puU into step without further delay. 

It may occur, however, that the motor, which has one 
pair of poles fewer than the converter, runs the set above 
correct speed, the effect of the two pressures at different 
frequencies then pulling the speed down again until 
the machine synchronises, which is shown by the a.c. 
voltmeter falling nearly to zero and becoming steady. 
When the machine is in step the voltmeter will not go quite 
to zero owing to the pressure drop across the starting 
motor windings which are in parallel with the main switch, 
while any difference between the values of converter and 
supply pressures wiU give an increased reading on this 
voltmeter. The field regulator should then be adjusted 
xmtil the nunimum reading is obtained, when the main 
switch may be closed and the starting switch opened, 
the machine then being ready for connecting to the c.c. 
bus-bars. The starting position of the field regulator is 
specified by the makers, and the machine should run 
up and synchronise without this being disturbed. 

Indicating lamps are often provided in parallel with 
the a.c. voltmeter, and where this is done they must be 
suitable for twice the normal supply pressure. The 
voltmeter is then usually of a pattern reading up to 200 
volts only, and provided with a plug to break the circuit, 
this plug being kept out when starting. With this 
arrangement, when the machine is being run up, the lamps 
will light up and darken at a rate depending on the slip 
frequency. When the lamps have ceased to go to their 
full brillianoy and are out, or nearly so, the machine will 
be in step. The c.c. voltmeter will probably be at the 
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upper end of its scale, and the field should be reduced 
until about the normal c.c. pressure is shown and the a.c. 
lamps are out. The plug is then put in to bring the a.c. 
voltmeter into use for the final adjustment between the- 
pressures before closing the main switch. 

The a.c. voltmeter plug should be removed as soon as 
the main switch is closed, a dummy receptacle being pro- 
vided to hold it when not in use. If the plug were left 
in when starting, the voltmeter would have almost the full 
supply pressure across its terminals at switching in, and 
the voltmeter fuses would blow. 

Failure to Synchronise. — ^If the generated pressure 
rises too quickly or the a.c. supply pressure is below normal, 
the starting motor may be unable to bring the converter 
to a speed from which it will synchronise : the remedy is 
the same as in the series reactance arrangement, weaken 
the field to allow the motor to speed up. Failing to 
synchronise when above synchronous speed is not likely 
to occur unless the generated pressure is abnormally low 
or the supply pressure abnormally high ; in such a case, 
however, strengthening the field will bring the speed down. 

It may occasionally happen when things have been going 
normally, the machine having risen above synchronous 
speed and pidling down again, that correct speed is passed 
and failure below speed occurs. This is probably due 
to the fact that the arrival at correct speed has coincided 
with incidence of the pressures, while at the instants of 
opposition preceding and following this the difference in 
speed has been too great for the synchronising torque to 
effect the required change. The converter being now 
below correct speed, weaken the field to allow the motor 
to speed up. 

It should be observed that when the machine has failed 
to pull into step, as shown by the c.c voltmeter dropping 
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back with rapid pulsations, tke starting motor is being 
subjected to a pressure having a ma3dinum value equal 
to the sum of the generated and supply pressures, being in 
series ■with these instead of, as -with separate reactances, 
in parallel. This condition should be remedied without 
loss of time, to avoid the overheating which would otherwise 
occur in -the motor. 

The author has known of a case where a converter 
with the series motor starting arrangement absolutely 
refused -to puU into step, possibly owing to the 3-phase 
supply being badly out of balance. Such an occurrence 
must be eadremely rare, but if met with and the machine 
is urgently required in ser-vice, it is not really necessary 
to give up and wait imtil conditions improve, provided 
that other c.c. energy is available. 

After running up as far as possible with the starting 
motor, the starting s'witch should be opened, the con- 
tinuous pressure brought up, and the machine paralleled and 
switched on to the c.c. bus-bars while running on with its 
own momentum. Time may be saved by preparing the 
c.c. switchgear so as to leave as little to be done at the last 
moment as possible. The machine may then be brought 
up to speed as a c.c. motor by weakening the field, when 
the relation between the slipring and supply pressures 
will be indicated by the S 3 mchroni 8 ing lamps and volt- 
meter, and aU will be in order for manual S3mchTonifling. 
It would be advisable, when this is being done, to have a 
second peorson at hand to "trip the c.c. circuit breakers as 
■the main a.c. s^witch is being closed, to prevent interchange 
■of power between the ■two systems. 

It is perhaps hardly necessary to say that such procedure 
as the foregoing should only be carried out by persons who 
■are -tihoroughly conversant with "the principles involved, 
■and after due consideration of aU the circumstances. 
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Reversal of PolJlrity. — ^This may be caused by wrong 
position of field regulator giving too weak a field, or by 
Mgb supply pressure. Tbe c.c. voltmeter first rises in 
tbe proper direction, and tben after tbe pulsations have 
slowed down, showing approach to synchronous speed, 
the pointer goes to the wrong side of the zero, a reverse 
reading scale of 100 volts being usually provided to enable 
this movement to be clearly seen. 

Modem practice is to arrange alternative supply to the 
field circuit from the bus-bars by a change-over switch. 
If reversal occurs the switch is put over immediately to the 
bus-bar supply to energise the field correctly, and then 
brought back to the running position when the voltmeter 
reads in the proper direction. 

Where this arrangement is not fitted, or other c.c. 
energy is not available, the foUowdng procedure is some- 
times effective. 

When reversal occurs allow the machine to puH into 
step, i.e. synchronising lamps out, and then without 
closing the main switch, weaken the field as much as possible. 
If this can be carried far enough the starting motor will 
pull the converter out of synchronism by raising the speed, 
and the commutator pressure wiU reverse as the armature 
slips a pole in the forward direction. When the c.c. 
voltmeter reads in the proper direction the field should be 
strengthened at once and the machine will pull into step 
with correct polarity. 

If the field regulator has not sufficient range for this 
method to be used, the machine should be shut down after 
reversal has taken place, and re-started with the regulator 
in a position to give a weak field. By keeping down the 
generated pressure as the machine speeds up, the pressure 
at the commutator brushes (the resultant of that generated 
and the reactive pressure due to the armature current) 
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will alternate in direction, and when near synchronous 
speed the alternations wiU be comparatively slow and wiU 
be shown on the o.o. voltmeter. When at their slowest 
rate and as the pointer is commencing a swing in the 
required direction, the field should be rapidly strengthened, 
when if the moment has been correctly chosen the pressure 
will bmld up and the machine pull into step. 

The rotating flux in the armature at starting is usually 
too small to destroy the residual flux in the field magnets, 
and reversal of pplarity almost invariably arises from the 
generated pressure not fully counteracting the reactive 
alternating pressure on the commutator. Strengthening 
the field to assist the generated pressure if it shows signs 
of failing to reach a safe value before synchronous speed is 
attained, will prevent reversal from this cause. 

Modified Arrangements of Series Motor Starting.— 
For large machines the starting arrangements are some- 
times slightly different to those just described, the starting 
switch being of the double-throw type. In the first position 
of this the motor circuit is independent of the converter 
armature, thus avoiding the possibility of the starting 
current demagnetisiug the field poles. When the set has 
run up to speed the switch is changed over to the second 
position, putting the motor windings in series with the 
armature to enable the machine to synchronise. 

In some cases the field switch is kept open until the c.c. 
voltmeter indicates by its pulsations that the converter 
is at synchronous speed, and then closed as the pointer 
rises in the proper direction, so that the field builds up 
correctly and the machine pulls into step with the right 
polarity. 

With another arrangement the set is run up with the 
starting motor in series and the field switch open. When 
at synchronous speed the main switch is closed on to 
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intermediate contacts, connecting the supply to the 
armature with resistances (known for some reason as 
“ kicking cods ”) in series, the field switch then being closed 
as the c.c. voltmeter comes up in the right direction. 

Series Motor with Same Number of Poles as Con- 
verter. — ^In the, latest development of the series motor 
self-synchronising method of starting, the auxiliary motor 
has the same number of poles as the converter, and has an 
unwound rotor consisting of a solid cylinder of iron or 
steel. The stator windings have tappings so that the 
whole, or a part only, of the winding may be energised 
by means of a double-throw switch. 

With this switch in the starting position, the whole 
winding is active, and the motor has a high starting torque 
without an unduly large current in the supply circuit. 
At its full speed under these conditions, however, the slip 
is too great and the current too small to allow of pulling 
into step. The switch is then put into the second position, 
so cutting out a part of the motor winding, causing an in- 
crease of the current, and with it, of the flux density. 
A greater e.m.f. is now induced in the rotor, and the in- 
creased current which results brings about a reduction of 
the slip, that is, the speed is raised nearer to that of 
synchronism. At the same time the synchronous torque 
is increased by the larger current flowing through the 
armature of the converter, which is thus enabled to pull 
into step and remain so. The operation is completed by 
closing the main switch when the continuous pressure lias 
built up fully, and then opening the starting switch. 

A change-over switch is provided in the field circuit, 
BO that should the polarity become reversed, the field 
connections may be reversed to kiU the flux and cause the 
machine to lose synchronism. The field switch is then 
brought to the open position, and the set now running at 
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tlie speed of tlie startmg motor, or below synobronism, 
the alternating pressure of slip frequency a,t the commutator 
brushes is shown by the c.c. voltmeter. Correct polarity 
is then obtained by closing the switch into the running 
position as the voltmeter ri&ea m the desired direction, 
and the machine synchronises once more. 


CHAPTER Xin 


PABALLEL AND INVERTED RUNNING. 

3‘WIRE BALANCING 

Converters in Parallel. — ^As with c.c. generators, the 
behaviour of rotary converters in parallel depends on the 
characteristics of the separate machines, each with its. 
transformer and any auxiliary apparatus for pressure 
variation being considered as a unit. These are matters 
which are outside the control of the operator, and in 
general it inay be said that converter sets which are to run 
in parallel with each other are designed with similar 
characteristics. The operator, however, is more nearly 
concerned with the question of the division of load between 
the machines and the adjusting of the power factors so as 
to get the best operatmg conditions with different loads. 

In view of the many different arrangements which are 
used for the purpose of obtaining variation of tlie i)ressure 
generated by rotary converters, it would be an almost 
endless task to attempt to enumerate the actions which 
may take place with various combinations of these. The 
reader will find that a thorough grasp of the principles 
involved in methods of pressure variation will best hel].) 
him to understand what takes place with a given installa- 
tic)n, as well as to form an idea of what to expect with an 
arrangement of which he has had no previous experience. 
Reference will therefore be made here only to the more 
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general aspects of parallel running, leaving the reader to 
apply the knowledge gained elsewhere in this book to 
particular requirements of any case he may have to deal 
with. 

On account of the various pressure drops in the equip- 
Aent, as in transformers, cables, and slipring and com- 
mutator brushes, the rotary converter has a drooping 
characteristic, this being, however, usually somewhat 
flatter than that of the ordinary shimt-wound c.c. generator. 
In general, therefore, converters will run stably in parallel. 

Machines may be made to carry equal or unequal 
portions of the total load by variation of the pressure 
generated, and this will have its effect on the power 
factors according to the method of pressure control in use. 

Plain shimt-wound machines will have their power 
factors affected to the largest extent, and those with 
reactance control to a lesse: degree. 

Machines with induction regulator or synchronous 
booster may have the power factor kept constant over a 
very wide range of load, depending, of course, on the 
•amount of pressure variation designed for. 

Compounded converters must have their series wind- 
ings paralleled by an equalising connection to ensure 
stabiKty, this including Ae series winding on the field 
of a synchronous booster where such is fitted. 

Converters required to run in parallel with ordinary 
c.c. generators may be found to take more than their share 
■of varying loads on account of their flatter characteristics, 
necessitating constant attention to the field regulator to 
maintain equal division of the load. 

In such instances the converter field is sometimes fitted 
with a reverse or differential series winding, which by 
weakening the field as the load increases gives the required 
drooping characteristic. 
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Converters in Parallel on Both Sides.— CJonverters 
will not run. stably when they are directly connected to 
the same a.c. supply in addition to being in parallel on 
the c.c. side. 

By this is meant machines connected to the same 
transformer secondary or other a.c. system, so that there 
is a complete copper path between them on both a.c. 
and c.c. sides. 

There is then a system of parallel paths formed by the 
armatures, bus-bars and connections thereto, and if a 
difference exists between the pressures generated in the 
two armatures currents will circulate in this system. 

Each of the paths for this current being made up of 
certain lengths of cable, bus-bars and surface contacts 
between brushes and commutators or shprings, their 
resistances will inevitably differ, and consequently the 
current will have a different value in each path. 

The result of this will be that brushes of opposite 
sign on the same machine will be carrying different values 
of current, and if an external load is being supplied the 
positive brushes on one machine and the negative on the 
other may be loaded above their rated caj)acity, while 
the other brush sets are doing little or nothing. 

Such a state of alfairs is altogetlier inadmissible, if 
for no other reason than the s^mrking wliich would occur 
on the commutator. 

The ojicration of two converters from one transformer 
secondary or one alternator winding without transformers, 
is not practicable therefore, unless means ar{i provided to 
])revent the irregularities just mcntioiu'd, and for this 
])iir])OHe a balancing transformer is used. 

This has two sets of windings on the sanu' core, these 
being connected in the a.c. su])ply leads, one in series witli 
each converter, and so arranged that the load current 

jsr 
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flow in opposite directions lound the core. The m.m.fs. 
produced therefore oppose each other, and when the 
currents are equal no flux is produced in the core. 

Any inequality in the currents disturbs the balance and 
the flux which then arises produces a choking e.m.f . in the 
winding having the lar|ter current, and a boosting e.m.f. 
in that with the smaller current, so restoring the current 
balance. 

"When one converter only is on load, only one winding 
of the balancing transformer will be energised and this will 
add reactance to the circuit. To avoid this a switch is 
provided to put both windings in parallel at such times and 
80 produce opposing m.m.fe. in the core. 

Por 6-phase machines the balancing transformer 
need only be connected in three of the phases spaced 120 
degrees apart, and will then have a core of three limbs, each 
carrying the two windings of one phase. The arrangement 
of the connections is shown in Fig. 44, those for two out 
of six phases only being given to avoid confusion. 

The chief application of the balancing transformer is 
where rotary converters are used in conjunction with a low- 
pressure alternator for supplying a c.c. load. This method 
of producing c.c. energy has the advantage of enabling the 
efficiencies of high-speed turbines to be obtained without 
the drawbacks of commutation troubles with high-speed 
c.c. generators, or the alternative of reduction gearing to 
enable low-speed generators to be turbine driven. Such 
low-pressure alternators are usually connected to give 
sis: phases, and two converters are used, each- of liaH the 
rated capacity of the alternator. 

Protection against Excessive Speed.— To guard against 
■excessive speed being reached by the converter, as might 
happen in certain circumstances, an over-speed protective 
device is usually fitted on the shaft. This acts by centri- 
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fugal force and closes a pair of contacts wMah. complete 
the circuit of a tacipping coil on the c.o. circuit-breakers. 
When running in parallel with other c.c. generators, 
failure of the a.c. supply to the converter will cause it to 

Supply Terminals 



run as a c.c. motor, and its speed will then depend on the 
field excitation. If this should be below normal the speed 
will rise and may reach a dangerous degree in spite of the 
reverse current tripping gear on the c.c. side. To avoid 
the possibility of damage to the armature from this caiLse 


180 ROTARY AND MOTOR CONVERTER,^ 


tlie over-speed device is adjusted to operate at a safe value 
above normal speed. 

Testing Ovei-speed Device. — ^It is desirable that the 
working of the device should be tested from time to time 
to ensure its reliability, and the manner in which this may 
be done depends on the starting arrangements of the set. 

With c.c. starting the machine may be run up in the. 
usual manner, and the speed raised by weakening the 
field until the circuit-breakers trip. This is flAmiming 
that the over-speed trip coils are fitted to circuit-breakers 
which are in use during the starting operation. If, as is 
often the case, there is a separate circuit-breaker for start- 
ing, it may be possible to close the running circuit-breakers 
with safety, this depending on whether switches are fitted 
in both c.c. leads in addition. 

If this cannot be done the following method may be 
used, which is also applicable to any case, provided that 
there is other c.c. generating plant in parallel. 

The converter is taken when connected to both a.c. and 
c.c. systems, and the a.c. oil switch tripped, so that the 
machine runs as a c.c. motor ; the speed can then be raised, 
until the circuit-breakers trip, care being taken to see that 
it is the over-speed and not the reverse current device 
which operates, to avoid being misled. 

A test of this kind is not complete unless the actual 
tripping speed can be observed by a revolution indicator. 
.Without this an unsafe speed may be reached and the test 
be worse than useless. Ip any case, if the device does not 
operate at the speed at which it is intended to, adjustment 
should be made until it does. 

Where starting is by an induction motor having one pair 
of poles less than the converter, this may be used to test 
the over-speed device, provided that the c.c. circuit- 
breakers can safely be closed while the machine is standing. 
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The starting motor aviU run the converter above syn- 
.(^onous speed, but the actual excess speed has definite 
limits imposed by the freq[uency of the supply. If the 
over-speed device trips under these conditions it may be 
assumed that the tripping speed is a safe one, although its 
actual value is not known. 

When the circuit-breakers open, an auxiliary contacjt 
opens the tripping cdrouit, so preventing burning of the 
contacts which would occur if this circuit was broken by 
the centrifugal device as the machine slows doAvn. 

Inveeted Runnin(} 

There is nothing inherent in the rotary convertor 
which renders it more suitable for converting from a.c. 
to c.c. than in the opposite direction. General usagii 
has recognised the term “ inverted ” as applying to 
the conversion from c.c. to a.c., but has not adoptiul 
a corresponding term for conversion from a.c. to c.c,., 
although the latter is sometimes called ''' straight ” ruii- 
ning, and for the sake of brevity will be so referred to 
here. For the simple duty of conversion any macliiiui 
will perform equally well in either direction, but when 
nmning inverted firoblems arise in connection with the 
speed and power factor which do not exist with straight 
running. 

Speed Control. — When the power in])ut is from the 
a.c. side the speed of the machine clearly depends on the 
frequency of the supply, but when inverted, and with no 
other synchronous generators in parallel, the speed, and 
consequently the frequency, depends on the field excitation. 
This wiU be affected by the phase relationship betwc'.en thc! 
current and pressure, so that any change, in th<^ valine 
of the wattless comj)oneiJt of the current, whether du(' to 
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cTianging power factor or varying load, will vary the field 
flux and so alter the speed. A speed and frequency liable 
to change with each variation in the load or power factor 
is wholly undesirable, while the possibility of dangerous 
speeda being reached has also to be considered. 

A common method of correcting this is to provide a 
shunt-wound^ exciter coupled to the converter shaft. For 
inveorted running the converter field cirouit is supphed from 
the exciter which is designed to operate with a relatively 
low flux density in its field magnets, so that any change in 
its own exciting current results in a large variation in the 
flux. Any increase in speed produces a rise in the exciter 
terminal pressure which is ampMed by the strengthening 
of the exciter flux so caused ; this in turn, by mcreashag 
the excitation of the converter, opposes the change of 
speed, which is kept within small limits. A series winding 
on the converter field magnets is also an advantage, the 
changing armature reaction with fluctuating loads being 
thereby compensated for and speed variation prevented, 
this, however, with cumulative series winding, only holding 
good for inductive loads, i.e. lagging current. 

In another method sometimes used, the compensation 
at the converter field is brought about by the change 
in the wattless component of the load current, thus 
preventing instead of correcting speed variation. In 
addition to the ordinary field winding energised from the 
terminals of the machine, there is an auxiliary winding 
which is supplied from the commutator of a spedal exciter, 
coupled to the converter shaft. This has a field magnet 
system with no windings, and its armature, which is wound 
for the same number of poles as the converter, has both 
commutator and sHprings. 

A transformer connected in series with the leads to the 
converter shprings is so designed as to produce in its 
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secondary windings currents which are strictly proportional 
to the currents in the primary. These secondaries are 
connected to the slipring brushes of the exciter, so that the 
armature of the latter is traversed by the secondary currents 
and rotating magnetic fluxes are set up therein. 

The rotation of the armature being at synchronous 
speed, these fluxes are stationary in space and the pressures 
seLf-induced in the armature conductors appear on the 
commutator, as explained when dealing with self-starting 
convertors. 

The armature is rotating synchronously with the 
pressure at the converter shprings, so that any displacement 
between the current and pressure at the converter will 
cause a corresponding displacement in space of the flux 
in the exciter armature. 

If the current lags the armature will have travelled 
further before current maximum occurs and the flux will 
be displaced forwards, wlulo the opposite effect obtains 
with leading current. The points on the exciter com- 
mutator between which maximum pressure exists will have 
a position in space depending on the phase relationship 
between current and pressure in the converter. 

The exciter brushes are placed so that when the power 
factor of the converter is unity, they are midway between 
these ])oints of maximum pressure, and the terminal 
pressure of the exciter therefore zero, no current flowing 
in the auxiliary winding on the converter field magnets. 

If the current becomes disj)laced from the pressure the 
exciter armature flux shifts and a pressure appears between 
the brushes, a current then flowing in the auxiliary winding. 
This is so connected as to strengthen the main flux when the 
current lags, so compensating for the demagnetising effect 
of the lagging armature current. 

If tlie ciurent leads, tlie exciter flux shifts in the opposite 
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direotion and the exciter brushes become of opposite 
polarity, the current in the auxiliary -winding then 
weakening the main flux. 

Any change in the armature reaction on the converter 
field, whether due to changing power factor or to varying 
load with constant power factor, is compensated for by 
this means and fluctuations of speed are prevented, for it 
will be observed that it does not require a variation of 
speed to bring about the efitect. 

The action of the exciter -will be seen to be exactly 
similar to that of the converter, with regard to effect of 
armature currents on its o-wn field magnets. 

Inverted Converters in Parallel with Synchronous 
Oenerators. — ^When converters are running inverted in 
parallel with other synchronous generators variation of 
the field current affects both the load and the power factor. 
For example, the effect of weakening the field, by its 
tendency to cause a rise iu speed, -will be to advance the 
pressure wave of the converter relatively to that of the 
other generators, until sufficient extra load is taken to 
balance the extra c.c. input consequent on such reduction 
of the back e.m.f. 

In addition to this a resultant pressure will arise 
between -fche machines which -will in-troduce a leading com- 
ponent into the current in the converter, so changing the 
power factor of this machine, raising it if already lagging. 

As this leading component tends to strengthen the 
field of the converter, both effects, load and power factor 
variation, are modified to some extent. 

If the machine has already a lagging current this will 
be exerting a weakening effect on the field, which effect 
will be reduced by the introduction of the leading 
oomponent. 

The provision of extra reactance on the a.c. side for 
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tiie purpose of pressure control when running straight, 
is a disadvantage when running inverted and alone. 

The power factor of a single machine supplying a load is 
determined by the nature of that load and cannot be 
changed by field regulation. 

With reactance, the pressure of the supply will be 
reduced with inductive loads, while with leading power 
factor the pressure will be boosted, exactly as when the 
converter is running straight and represents the load 
supplied from the a.c. system. The only effect, then, is 
that any variation in the power factor of the load will 
vary the pressure, making the regulation of the machine 
coarser. 

For this reason, a converter required to run either 
straight or inverted and having reactance control, should 
have the reactance arranged so that it may be short- 
circuited or out out when running inverted, if no other 
synchronous generators are in parallel. 

When such plant is in parallel the reactance is useful, 
as if the field be weakened, the leading current so arising 
boosts the pressure and partly compensates for the reduc- 
tion in machine terminal pressure, thus restricting the 
leading current. 

Field variation, then, has a greater effect on the load and 
less on the power factor of the machine. 

Converters with synchronous boosters, when run 
inverted, have their operation greatly facilitated. 

The load may be adjusted by the converter field and 
the power factor by that of the booster. In general if 
the converter field be weakened to pick up load, the 
booster field must be increased to maintain the power 
factor constant, and vice versa. 

Boosting thus has an adverse effect on the commuta- 
tion as in straight running, the booster acting as generator 
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or motor, and being driven by, or driving the converter 
exactly as in straight running. 

/ Balancing on 3-wire Systems 

In a ^-wire c.c. system supplied by rotary converters, 
balanc^g of the pressures between the outers and the 
mid(^ wire may be very simply effected by applying 
the principle of the static balancer to the transformers on 
the a.c. side of the converter. In order to understand how 
this is done it will be useful to consider first the static 
, balancer as a separate piece of apparatus, after which the 
suitability of the power transformer for this duty will be 
easily seen. 

If two tappings 180 degrees apart in the armature 
winding are connected to the two ends of a choking coil, 
this coil will be subjected to an alternating pressure having 
a maximum value equal to the continuous pressure at the 
commutator brushes. If we ignore the very low resistance 
of the coil and the small losses which occur, the reactive 
pressure set up by the magnetising current may be con- 
sidered, for aU practical purposes, as in opposition to the 
impr^ed pressure and of equal value. When the tappings 
coincide with the commutator brush positions, then, the 
impressed pressure will be from the positive end of the coil 
towards the negative, and the reactive pressure in the 
opposite direction. !Prom the middle point of the ooH to 
either end the reactive pressure will be that due to one- 
half of the total number of turns, or one-half of the 
commutator pressure. 

This position corresponds to Fig. 46 (a), where the 
arrows on the circle indicate the direction of the pressure 
generated in the winding, the pressure impressed on 
the choking coil, and Eg, the reactive pressure in opposition. 
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From eitter bruflli to tine middle point of tbe coil (to 
which, the middle wire is shown connected) there is a 
pressure equal to one-half of that between the outers on 
the c.c. side. Considering also the indirect path from one 
brush through, the armature to the opposite end of the 
coil and so to the middle wire this still holds good, there 
being in this path the full armature pressure minus one- 
half the reactive pressure in opposition, the resultant 
therefore being one-half the full pressure. 

In (6) is shown the position when the tappings have 




Fig. 45. 

moved 90 degrees and are midway between tlic brushes, 
the impressed and reactive pressures in the coil being 
now zero. Between the middle wire and the commutator, 
brushes, however, there is still one-half of the outptJfi 
pressure, owing to one-half of an active section </ 
armature winding being included in the paths more 
direction. At other positions of the taj)pingii^on of the 
pressures, that due to the winding and th^|dfig with the 
reactive e.m.f. of the coil, combine so tliyl6rushes. With 
is always equal to one-half of that betwj^y lead to sparking 
brushes. armature. 
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The curves in Pig. 46 represent the changes in these 
pressures between the middle wire and one of the com- 
mutator brushes, one end only of the coil being considered 
during the progress of the armature through two pole 
pitches (360 degrees). 

At (a) the tapping coincides with the brush position 



half of thtictive conductors are in circuit, the pressure from 
commutator^^^^emg therefore zero ; the reactive pressure in 
This positio^pwever, at maximum, and from the middle 
arrows on the circvhalE of the commutator pressure. As the 
generated in the wi»*^i^tive conductors begin to be included 
the choking coU, and tmajJbrush, and their e.m.fs. are thus 
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thrown into the middle wire circuit as shown hy the curve 
rising, until at (6) the pressure from this source has reached 
one-half of its maximum value. Meanwhile, the reactive 
pressure in the coil has fallen to the point of reversal, or 
zero. (Compare also (a) and (6), Fig. 45.) 

Further movement of the armature brings more active 
conductors in until, when the opposite brush is reached, 
the full armature pressure exists between the middle wire 
and the brush taken for our starting point ; this is partly 
cancelled, however, by the reactive pressure which has 
risen to its maximum, in the opposite direction. 

The resultant of the two curves is seen to be a horizontal 
line having a height equal to one-half of the maximum of 
the curve of generated pressure, and this- apphes equally 
to either half of the choking coil and with reference to 
either of the commutator brushes. 

By connecting the middle wire of the c.c. system to the 
middle point of the choldng cod the pressures on either side 
may be kept in balance, and any difference in the loads 
connected will result in a larger current in one or other of 
tlie outers, the out of balance current flo\ving to or from 
the generator over the middle wire, according to whether the 
greater load is on the ])ositive or negative side. The 
out of balance current will always be in opposite directions 
in the two halves of the coil, flowing continuously from or 
to the middle wire, and will therefore have no effect on 
the magnetisation of the core, the m.m.fs. opposing eacli 
other. 

With imbalanced loads one set of brushes is more 
heavily loaded than the other, and the distribution of the 
current in the armature is not uniform, varying with the 
■l)ositiou of the tappings with respect to the brushes. With 
a large degree of out of balance this may lead to sparking 
at the brushes and unequal heating of tlie armature. 
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Comnnitation is assisted by arranging the interpole 
'windings so that each, pole carries two coils, one connected 
on the positive and one on the negative side of the machine, 
the commutating flux then being aflected by out of balance 
on either side. This is only a partial remedy, as of the 
oonductors undergoing commutation at any instant, the 
top and bottom layers are connected to co in m utator 
bars under brushes of opposite sign. 

The inequality of currents in the armature conductors 
is reduced by having more than one balancing coil, 
additional coils being connected to the winding at points 
spaced equidistant from the first pair of tappmgs. Two 
coils at 90 degrees may be used with the middle wire 
connected to the middle of each, giving four paths for the 
out-of-balance current ; or three cods having only one 
end of each taken to a tapping, these being spaced 120 
degrees apart, while their other ends are grouped at the 
middle wire. 

The latter arrangement has the advantage of only 
requiring three shprings as against four for 90 degree coils. 

The amount of out of balance which can be dealt with 
by the static balancer is limited by the considerations 
mentioned above, and is usually stated as up to 26 per 
cent, of the full rating of liie generator. 

Static balancers for c.c. generators resemble in form 
and construction the ordinary a.c. transformer. 

Power transformers for supplying rotary converters 
may be used as static balancers in addition to their ordinary 
duty by connecting the middle wire of the c.c. system to 
a suitable point in their windings. Such a point would be 
the star point of a 3- or fi-phase star, or of a 4-phase star 
where the supply is 2-phase, while with diametrically 
connected transformers the middle point of one phase 
may be used. 
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A low-pressure alternator supplying converters may have 
the middle wire taken to the star point of its windings. 
Where transformers are mesh connected a suitable point 
is not available, and a separate static balancer must be 
used as with ordinary c.o. generators on this system.^ 



CHAPTER XIV 

TRANSFOBMER OONNEOTION8 

General Prineiples of the Transformer. — ^It is scarcely 
possible to deal at any length, witli the rotary converter 
without maiTang some reference to transformers. The 
necessity for an alternating pressure having a certain ratio 
to the continuous pressure required, and the fact that in 
practically aU cases the working pressure is settled by 
considerations other than those of any rotary converters 
in an a,c. system, renders the employment of transformers 
in combination with rotary converters almost inevitable. 

A preUminary conversion of the a.o. energy in addition 
to transformation of the pressure is often ejSected by means 
of the same piece of apparatus, so as to enable more efficient 
types of rotary converter to be used for the final conversion 
to C.O., as, for example, 3-phase to 6-phase, and 2-phase to 
3- or 6-phase. A brief account will therefore be given 
of the principles involved in the transformation of, alter- 
nating pressures, and of the various arrangements of 
connections necessary for diSerent systems of low-pressure 
supply to rotary converters. 

In its simplest form the transformer consists of two 
coils, the primary and the secondary, so arranged on a 
laminated iron core that the flux set up by a current in one 
coil links with the other. When an alternating current 
flows in the primary an alternating flux is set up in the core, 

192 
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and this in addition to producing a reactive pressure iu 
the primaiy coil by self-induction, also produces a like 
pressure in tbe secondary coil by what is known as mutual 
induction. If all th.e flux links with both coils tbe e.m.f. 
induced per turn will be the same in each, and further, 
both e.m.fs. will be in the same direction round the core 
at any instant. 

When the' supply pressure is applied to the primary 
with the secondary on open circuit, the primary acts as 
a chokmg coil, passing only a comparatively small current. 
This current can be divided into two components, one, 
the magnetising component, lagging by 90 degrees, and the 
other a power component iu phase with the pressure and 
supplying certain losses in the iron core. As the former 
is much the larger of the two the angle of lag of the actual 
current will be large, approaching 90 degrees, and the 
no-load power factor of the transformer very low. 

The flux is in phase with the magnetising component, 
and the reactive pressure, lagging by 90 degrees from the 
flux, wiU be in opposition to the primary 'pressure and may 
be considered as equal in value, turn for turn. 

If the secondary winding has the same number of turns 
as the primary the pressure induced therein will accordingly 
be equal to the reactive pressure, and therefore to the 
primary pressiue. Eurthermore, it will have the same 
I)liase relationship to the primary pressure, being in the 
oj)posite direction to the latter round the core, at any 
instant. With a secondary winding having more or fewer 
turns than the primary the niunber of linkages of the 
flux will be greater or less, and consequently the secondary 
pressure will have a liigher or lower value for a given 
primary pressure. The pressure is said to be “ stepped up ” 
or “ stepped down ” according to whether the secondary 
pressure is higher or lower than the primary. 


o 
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If the secondary -winding is connected to a closed 
external circuit a current will flow therein, the value of 
the current depending on -the secondary pressure and the 
impedance of the circuit. This current flowing in the 
secondary winding will produce an m.m.f. in opposition 
■fco that of the primary, tending to reduce the total flux 
in the core. This, however, -will lessen the reactance of 
the primary -winding and bring about an increase of the 
c-orrent therein until the flux is restored to its former value. 

Now the effect of -the secondary m.m.f. can only be 
neutralised by an equal primary m.m.f. in opposition. 
The primary and secondary load currents, then, -will be in 
phase opposition, and their values -will be inversely propor- 
tional to the number of -bums in their respective coils. 
In a step-do-wn transformer, for example, the m.m.f. of the 
current in the secondary -with fewer turns -will be balanced 
by the m.m.f. of a smaller current in the larger number 
of turns in the primary coil. Thus -with the step-do-wn of 
pressure there is a step-up of the current in proportion, 
or in other words* the watte input equals the watte output, 
if internal losses are ignored. 

The actual current in the primary -will be the resultant 
of the no-load current and the load current required to 
balance the ampere-tums of the secondary load current. 
The power factor of the primary circuit -will be dependent 
on that of the secondary, being modified in addition by 
the wattless, or magnetising component of the no-load 
current. This lags by 90 degrees, so that, broadly speaking, 
-with a lagging current in the secondary the lag of the 
primary -wiH be greater, while with a leading secondary 
the lead of the primary -will be less. 

For the complete study of the action of the transformer 
many other considerations have to be taken into account, 
the discussion of which is not necessary here. Enough has 
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been said, however, to indicate the manner in which the 
secondary pressure is obtained, and how an increased 
demand by the secondary circuit is met by increased input 
to the primary. 

Transformer Tappings. — ^Different values of the 
secondary pressure for a given primary pressure may be 
obtained by making connection to the windings at different 
points by tappings, so as to include a greater or lesser 
number of turns in the circuit. These may be made to 
either of the two windings, reducing the number of active 
turns in the primary having the same effect as increasing 
those in the secondary, and vice versa. Where altera- 
tions are required only at infrequent intervals, this is 
sometimes done by unbolting the connections and shifting 
them to the new positions. When frequent changes are 
required, tapping switches on the transformer are used, 
some arrangements being only suitable for operation when 
the transformer is dead, while others allow of the alteration 
being made while on load, if so desired. 

Transformers for tap-started rotary converters have 
the tapping connections brought to switches on the 
starting panel, as noted in the section dealing with these 
machines. 

Single and Polyphase 'Transformers. — The simplest 
transformer is that for single-phase supply, in which there 
are only two windings and four terminals. For poljrphase 
systems single-phase transformers may be used for each 
phase with their corresponding windings suitably connected, 
or a polyphase transformer having the different phases 
wound on separate limbs of a specially arranged core. 
With either arrangement the system of connections will 
be the same for a given desired result. 
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2-Phasb Tbahsfobma-tion 

2- to 2-Pliase. — ^Wlxere the incoming high-pressure 
supply is 2-phase and a 2-phase converter is used, each 
primary will have its corresponding secondary, giving two 
low-pressure phases with 90 degrees displacement. Each 
of these is connected to tappings which are 180 degrees 
apart in the armature winding. 

These connections are shown in Fig. 47, from which it 
will he seen that if the pressure in a given direction in 


Phetsf A P/iaseS 

IAAAAAWN lAA/WWVM 



phase A precedes that in B, the phase rotation at the 
converter terminals will be clockwise. That is, it will be 
in succession from 1 to 3, 2 to 4, 3 to 1, and 4 to 2 in the 
armature. By crossing over the leads from one of the 
secondaries the phase rotation wiU be reversed. 

2- to 3-Pliase. — ^The most widely known method of 
transformation from 2-phase to 3-phaBe or vice versa, 
is by means of the Scott connection. In this two single- 
phase transformers are used of which one, the “ teaser ” 
transformer, gives a secondary pressure equal to only 
0‘866 of that given by the other or “ mam ” transformer. 
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One end of tte teaser secondary is connected to tlie middle 
point of tlie main secondary as in lig. 48. 

Between terminals 1 and 3 tliere will be two sources 
of pressure, tbe teaser winding and one-balf of the main 
secondary, with a 90 degree displacement. These two 
pressures having values of 0-866 and 0-6 their resultant will 
be equal to 1-0, or the pressure at the terminals of the main 
secondary. The same appHes to terminals 2 and 3 with the 
difierence that the section Ag is reversed with respect to 
the teaser. 


Phase A Phase 8 
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Main Teaser 



Fig. 48. 


For example, if the pressure in phase A leads that in 
phase B, maxmium of A from left to right in the diagram 
is followed by maximum of B in the same direction. Thus 
the pressure in Aj towards terminal 3 leads that in the 
teaser by 90 degrees. 

On the other hand, witli the same order of precedence 
of the phases, maximum from left to right in Ao is away 
from terminal 3, followed 90 degrees later by maximum 
in B towards 3. The pressure in Ao therefore lags behind 
that in the teaser, while and Ag are in of)po8ition when 
considered with reference to terminal 3. These relations 
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axe bIiowh in tlie vector diagram in Fig. 46, where it will be 
seen that the result is to produce three equal pressures 
having a phase displacement of 120 degrees, thus forming 
a symmetrical 3-phase system. The point N in the teaser 
winding is the neutral point of the three phases, and may 
be used for 3-wire balancing. The number of turns between 
terminal 3 and N is two-thirds of those on the teaser, or 
0'68 of the main winding. 

When supplying a balanced 3-phaae load, such as a 
rotary converter, the currents in the three line wires will 
be equal and will have a displacement from each other of 
120 degrees. Considering each part of the transformer 
secondaries from the common junction between them, 
the currents in these must equal their respective line 
currents and therefore equal each other, and will have the 
same displacement between maxima in a given direction 
with reference to the junction point. In the main 
secondary these two currents in either half of the winding, 
while displaced by 120 degrees from each other with 
reference to the middle point, are only 60 degrees out of 
phase when the two halves are considered as in series with 
each other from one terminal to the other. For example, 
the successive maxima occur, say, towards the middle 
point, with an interval of 120 degrees, but these maxima 
are in opposite directions, considering the winding as a 
whole. That is to say, maxima in opposite directions 
occur at intervals of 120 degrees, consequently maxima 
in the same direction occur at 60 degrees. 

The two halves of the winding will produce m.m.fs. 
difEering in phase by 60 degrees and the resultant of the 
two will be equal to 1*73 times either of them, or 0-8GG 
of the m.m.f. which would be produced if the currents in 
the winding were in phase with each other. 

The teaser winding, carrying a current equal to that in 
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the main winding', and hawing only 0'866 of the number of 
turns in the latter, will produce an equal m.m.f . in its core. 
These m.m.fs. in the cor^ of the two transformers must 
be balanced by a corresponding m.m.f. produced by the 
current in the primaiy ; thus the balanced 3-phase load 
on the secondary side, is supplied equally from the two 
primary phases. The currents in the two halves of the 
secondary of the maia transformer will be displaced by 
30 degrees from the pressure between its terminals. This 
can be seen by considering tdiat the main secondary pressure 
is displaced from that of the teaser by 90 degrees, whereas 
the S-phase currents are displaced by 120 degrees, and the 
current in the teaser is in phase with its pressure. In 
one half of the main secondary, 'then, the current leads the 
pressure, and in the other half it lags ; by 30 degrees in 
each case. The main transformer has, therefore, an iaternal 
power factor of 0*866 on the secondary side, while the power 
factor of the teaser secondary is unity. 

The watts output on the secondary side of each trans- 
former are equal when the load is a balanced one, the value 
at the teaser being found by 0*866 X S-phase hue pressure 
X line current, and at the main transformer by 3-pliaso 
line pressure X hne current X p.f. 0*866. 

3- to 2-Phase. — Scott-connected groups are also used 
in which the 3-phaae side is the primary and the 2-phaHe 
side the secondary. These may be found where an original 
2-phaBe sujjply has been superseded by 3-phase, their use 
enabling the existing 2-phase converters to be run froni the 
new supply. 

When balanced S-phase pressiues are aj)phed to th('i 
primary windings of such a group, the currents which 
flow produce m.m.fs. in the cores in the same manner as 
the 3-phase secondary load cun*ents, dealt with in the 
preceding section, and the pressures in the two secondary 
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ptases arise in consequence of the fluxes set up by these 
m.m.fs. 

When load currents flow in the secondary windings 
opposing m.ni.fs. are produced in the cores, these being 
balanced by increased currents on the primary side. The 
previous remarks as to internal power factor and to calculat- 
ing the watts on the 3-phase side apply also in this case. 

I Phase ^ j I Phase B 1 
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2- to 6-Pliase. — ^By a duplication of the Scott con- 
nection a G-phase converter may be run from a 2-phase 
supply. JFour transformers may be used having a single 
primary and secondary each, or instead, two transformers 
each having one primary and two secondaries. The 
secondaries are connected as shown in Kg. 49 and produce 
two 3-phase systems with the same direction of phase 
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rotation, wliile any two phases which reach maximiim at 
the same instant are mutually opposing in the converter 
armature R.C. In the vector diagram the lines representing 
the teaser pressures are shown separated. Actually they 
should be in Hue, but if so shown would not indicate the 
make-up of the diagram so clearly. It will be observed 
that the neutral points N coincide in the diagram, indicating 
that there is no pressure difEerence between them. For 
the purpose of S-wire c.c. balancing it is usually only 
necessary to connect the middle wire to one of these, 
although both may be used if the out-of-balance current to 
be dealt with is heavy compared with the load rating of 
the transformers. 


3-Phase to 3-Phase. 

Delta Connection. — Transformers for stepping down 
an incoming S-phase supply to rotary converters may have 
their windings connected in three different ways on both 
luhnary and secondary sides. 

In one method the three windings are connected end 
to end so as to form a closed circuit, the hne wires being 
connected to the three junction points, each line wire being 
therefore common to two phases of the windings. This is 
known ns the incsh or delta connection from the form it 
takes when re])rescnted by a vector diagram as in Fig. 
50 (o), this resembling the Greek letter A (delta). 

The pressure in each pliase being disjdaeed 120 degrees 
from that in its neighbours the resultant round the mesh 
is zero. The pressure between lines will be e<jual to that 
of one ]diase, while the line current will be the resultant of 
the currents in two adjacent phases. These ])hase currents 
although displaced by 120 degrees, when considering a 
given direction round the delta, are only displaced by 
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60 degrees in the line mre, as opposite directions in the 
phases give a ooromon direction in the line wire. The 
line current, then, is eqnalto 1‘73 times the phase current, 
or conversely the phase current equals 0'68 times that 
in the hne. 

It win probably have occurred to the reader that 
the armature winding of a 3-phase rotary converter is, 
in efiect, delta-connected to the supply, the relations 
between phase and line pressures and currents being 
identical in each case. 














Fig. 50. 


(b) 


Star Connection. — ^The second method of connecting 
three phases consists of grouping all three windings together 
at one end and joining their other ends to separate line 
wires ; this is called the star or Y connection and is shown 
in Tig. 60 (&). 

When balanced 3-phase pressures are applied to a 
group of star-connected primary windings, a^wnming the 
reactances of these are equal, equal currents will flow in 
the hue wires and these currents will have a displacement 
of 120 degrees between maxima in a given direction with 
reference to the common junction, or star point of the 
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windings. TLifl being so, tbe total ouirent flowing towaxds 
the stai point is at any instant equal to the current flowing 
away from it. The reactive pressures induced in the 
windings will be practically equal to the impressed pressures, 
but it is to be observed that the latter is a pressure between 
lines, whereas the path between any two line wires is 
made up of two phases in series, the currents therein, and 
consequently the reactive pressures, being out of phase 
with each other. Now these phase currents and iiressures 
are only displaced by 120 degrees when considered with 
reference to the star point. Pressures acting towards the 
star point are in opposite directions in the two phases 
when considering these as in series between two line wires ; 
from this point of view, then, maxima in a given direction 
from one terminal to another have a phase angle of CO 
degrees. The reactive pressure between two line terminals 
is the resultant of two phase pressures with 60 degrees 
between them, and has a value of 1*73 times that of either 
of them. Conversely, the phase pressure is equal to 0'58 
of the hue pressure. 

The same thing apphes to star-connected secoudarie.s, 
where two phase pressures with 60 degrees displacement 
produce a line pressure of 1’73 tunes their value. The 
phase current obviously is equal to the line current. 

From the values of line pressure and current us shown 
on swdtchboard instruments the total watts are calculated 
by the same method irrespective of whether tlie load is 
connected in delta or in star. In delta the ])lui.se (urreiit 
is 0‘58 of that in the line, while line and jjluise j)re.ssures 
are equal ; in star the i)hase i)ressiire is 0'158 of that between 
lines, while line and jliase currents are equal. In each 
case the expression 0’58 X line pressure X line currerit gives 
the W'atts per phase, and multiplying this by three*, we*, get 
1‘73 X line pressure X line current for the tot.{il wattes. 
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Inter-connected Star Connection. — ^Wten star-con- 
nected secondaries are used to supply rotary converters for 
a 3-wire c.c. system, th.e middle wire of the latter may be 
connected to the star point of the transformers, as noted 
in the section on the static balancer. The out-of-balance 
current then flows equally and continuously through each 
phase of the secondary winding. 

In 3-phase transformers of the core type, in which the 
core consists of three limbs united at each end by cross 
yokes, each limb carrying the windings of one phase, the 
m.m.fs. due to the continuous current aJl act in one direction 
from one yoke to the other. Any flux due to this m.m.f. 
can therefore only complete its circuit by leaving the core 
and passing through the air, so returning to the other end 
of the core. 

The effect of the continuous current upon the magnetisa- 
tion of the cores is consequently very small, owing to the 
■{ high^eluctanoe of the path through the air, unless this 
\ reluctance is reduced by the presence of iron in the vicinity, 
such as, for instance, the sides of the tank in which the 
transformer may be housed. 

With shell-type transformers, on the other hand, the iron 
of the cores forms a continuous path roimd the outsides of 
the windings as weU as the limbs passing through them. 
In these the out-of-balance current will set up a continuous 
fluz in one direction which will be superposed on the 
alternating flux and so interfere with the proper working 
of the transformer. The same thing occurs if the 3-phase 
group consists of single-phase transformers of either type, 
•• a complete iron path existing for the continuous flux in 
each, with the same result. 

In these circumstances a different method of connecting 
the secondary windings is adopted, this being known as 
the inter-connected star. The windings on each limb of 
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the core are divided into two equal sections, and one 
section on one limb is connected in series with another 
section on one of the other limbs, each pair so formed 
constituting one leg of the inter-connected star. As 
the alternating fluxes in the separate limbs (or separate 
cores in the case of three single-phase transformers) are 
out of phase with each other, the result of the inter-connec- 
tion is to produce between the star point and the line 
terminal a pressure which is the resultant of those in the 
two half-phases. 



The arrangement of connections is shown in Fig. 51 , 
with a vector diagram to indicate the |)ro})ortions and ])lias(^ 
angles of the various pressures. In this figure the wiiulings 
on each core are shown separated bj an angle equal fn tlu^ 
phase displacement of the fluxes in the cores, as tliis j)r<^H(*uts 
a clearer picture of tlie relations between tin'. pT‘(‘SHur<js 
induced in the windings. This plan is often follow(Hl with 
transformer diagrams, as it produces a sort of combined 
connection and vector diagram. 

Of each pair of half-phases in series with eae.h f>tilie.r, 
it will be noticed that one is connected up in tlui rciverso 
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direotion to the other, the effect of this being to change 
the phase angle between the two pressures from 120 degrees 
to 60 degrees. The resultant pressure between star point 
and line terminal is therefore 1*73 times that of one half- 
phase, or 0*866 of that which would be produced if the 
whole winding were connected in plain star. The three 
resultant pressures thus produced are seen to have a dis- 
placement of 120 degrees from each other, and the pressures 
between line terminals bear the same ratio to the phase 
pressure as do those of a plain star system. 

When an out-of-balance continuous current is being 
carried, the interconnection of the phases ensures that on 
each hmb of the core the separate haK-windings are carry- 
ing equal current in opposite directions. The continuous 
m.m.fs. are therefore mutually opposing and the alternating 
flux is undisturbed. 

3-Phasb to 6-Ph:ase 

Double-delta Conneetion. — ^In the double-delta ar- 
rangement the secondaries are connected so as to produce 
two deltas having similar phase rotation but with the 
pressures in corresponding phases displaced by 180 degrees. 
The necessity for the latter requirement can perhaps best 
be explained by inverting the problem, and considering 
the pressures generated in the armature winding of a two- 
pole converter, represented by the circle in Fig. 62. The 
numbered points are the tappings and the arrowheads 
indicate the direction of the generated pressure. 

At the particular instant shown, the pressure between 
tappings 2 and 6, and also that between 3 and 6, is at 
maximum, but whereas the first is in a clockwise direction 
in the delta 2-4^6, the latter is anti-clockwise in its delta 
1-3-6. The same thing occurs with the other pairs of 
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tappings when they reach Tnayimnm) so that the pressures 
between 120 degree tappings may be divided into two delta 
groups, reversed with respect to each other, but with 
similar phase rotation. 



Fig. 62. 


A double-delta system to be jiaralleled with this must 
have similar cliaracteristics, and can be produced by the 
arrangement of transformer connections shown in Fig. 53, 
where the two deltas are kept separate to enable them to 
be more easily traced. Pairs of pressures, such as 0-2 and 
6-3, which reach maximum simultaneously, are derived 
from one phase of the primary su])ply, 2-^1- and 1-5 from 
the second, and 4-0 and 1-3 from the third primary phase, 
as indicated by the letters A, B, and C. 

The primaries may be connected in either delta, star, or 
inter-connected star, this being decided by other con- 
siderations. It is only necessary for the 3- to 0-phaso con- 
version that if separate transformers are used for each 
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secondary delta, both primary groups should be connected 
up alike. 



Kg. 63. 

With double-delta connections, there is no neutral 
point available at the transformers for c.o. 3-wire balancing. 

Double-star Gonneetion. — ^In the double star arrange- 
ment six secondaries, two to each primary phase, are 
connected so as to form two 3-phase star groups, witli 
180 degrees between them and with similar phase rotation. 
The result is to produce two groups of 3-phase line pressures 
which may be paralleled with the corresponding pressures 
in a 6-phase converter. The connections are shown in 
iFig. 64, where line wires of the two stars are distinguished 
by full and broken lines respectively. It will be noticed 
that the two star points coincide in the diagram, indicating 
that there is no difference of pressure between them, bo 
that they may be joined together, forming a 6-phase star. 
For 3-wire balancing the middle wire of the c.c. system 
may be connected to this star point. 

Considering the 6-phase star, each pair of secondaries 
may be treated as being in series and connected to tapi)ings 
180 degrees apart, in the converter armature, as 1-4, 3-6, 
and 5-2. Furthermore, of each pair of secondaries, at 
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any instant one will be carrying current towards and tbe 
other away from the star point, and these currents will 
be equal. The necessity therefore no longer exists for 



Fig. 64. 


the star connection between separate pairs of phases, and 
thus the diametrical system of secondary connections is 
arrived at. 

Diametrical Connection. — In this tliere is only one 
secondary to cacli primary phase. The three secondaries 
have a displacement of 120 degrees between their pressures, 
and each is connected between 180 degree tappings in the 
armature winding, as in Fig. 55. The correct phase rota- 
tion is obtained by connecting tlie corresponding end of 
each secondary to ta])pings 120 degrees apart. Thus in 
Fig. 55, if tlie maximum ])ressiu‘e occurs from left to right 
in the secondaries in the order A.lhC,, terminals 1, 3, and 5 
mil beconui ])ositivu at successive intervals of 120 degrees, 
and rotation of fdiases in the vector diagram will be clockwise. 

Alternatively, tlie diagram may bo considered as repre- 
senting the armature of the converter, when if the neutral 

p 
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points are aflsumed to.be on a vertical line through the 
centre, phase A will be at maaimiim in the position shown. 
After 60 degrees of rotation in an anti-clockwise direction, 
tappings 2 and 6 will be in the mayimum, position, but it 
will be observed that the pressure will now be in the opposite 
direction in phase C, as compared to that in phase A in 
the first position. Continuing thus, we find that maximum 
in a given direction in the phases occurs at intervals of 
120 degrees in the order A.B.G. The conditions are there- 



fore correct for paralleling with a 3-phase supply having 
the same phase rotation in tiie transformers. 

The diametrical system of connections is that most 
commonly used for 6-phase converters. It has the 
advantage, which has been already referred to in connection 
with starting methods, of requiring only one 3-pole switch 
to interrupt the supply to the converter. With double- 
delta or double-star connections all six line wires must be 
broken or complete circuits will remain. It is usual in 
these cases to provide two 3-pole switches, one of them 
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being closed wlien the converter has been synchronised, 
the machine then running 3-phase on one delta or one star 
until the other switch is closed. 

The middle wire of a 3-wire c.c. system is connected 
to the middle point of one phase only of diametrical 
secondaries, as otherwise a 6-phase star would be formed. 

Phase Pressures and Currents in 6-Phase Systems.— 
Whatever the manner in which the transformers are con- 
nected, the result is always the same at the converter, the 
armature of which is connected as a G-phase mesh to the 
six hne wires. In each system, too, the line current for 
a given load is the same, as demonstrated when dealing 
with the 6-phase machine in Chapter VI. 

The value of the pressure required from transformer 
secondaries depends on the continuous pressure required 
from the converter, and also on the system of connections 
used. With double delta, the pressure of one phase, 
equalling the line pressure of one delta, is to be that 
between 120 degree tappings, or 0*612 of the continuous 
pressure. Witli double star, tlie points of one star are 
also connected between 120 degree tn])pings, and recpiire 
0*612 of the continuous ])ressure between them, tliis being 
the line pressure of tlie star. The j)]uise ])ressure will be. 
0*58 of the line jucssure and tliendore will (upial 0-3.5 1- 
of the continuous pressure. 

The pressure in one diametrical i)lias(i will be the sum 
of two star [dia-ses in series, or 0-707 of the eoiitiniious 
jjressure, and the for(‘going all being R.M.S. values, the 
maximum of the diametrical [)ressiir(^ will <‘((ual the 
continuous pressure, wliich accords with the. fact of its 
connection between tappings 1 80 degrees apart. 

The pliaH(‘. eurrents in tlu*. transformer si'c.ondaries also 
depend oji tiie system of e.omusdiouH. In diametrical and 
double star the jdiase. current is obviously e(|un.l to the line 
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current, wliile with delta conneotionfl, the current in each 
phase is 0'68 of that in the hne. 

Switching out Transformers. — Transformer windings 
aje highly inductive on account of their iron cores, and 
when the magnetising current is switched ofE, the rapid 
collapse of the flux may cause the induction of pressures 
much in excess of the normal working value. This can 
be avoided when switching out transformers supplying 
rotary converters by opening the switch on the primary 
side first, to shut the machine down, leaving the switches 
in the secondary circuits closed. The flux is then main- 
tained by currents from the converter armature, and as 
these die down with the decreasing speed of the machine, 
the flux is reduced gradually. 

Although provision is always made for abnormal 
pressure rises when designing the insulation of trans- 
formers, yet it is better to avoid creating conditions wherein 
such rises occur, whenever possible : for this reason the 
foregoing procedure should always be followed when 
shutting down rotary converters. 



CHAPTER XV 

THE MOTOR CONVERTER 

The motor converter consists of two machines in combina- 
tion, an induction motor and a c.c. generator, the rotor 
of the one and the armature of the other being mounted 
on the same shaft. In addition, the windings of rotor 
and armature are connected together, the leads for this 
purpose, in machines with a centre bearing, being carried 
through the hoUowed-out shaft. These two machines are 
known as a.c. end and c.c. end respectively. In Fig. 56 
is shown the general scheme of rotor and armature connec- 
tions for a converter having one pair of poles at each end. 
The special arrangement at the star point of the rotor 
windings is for starting, and is explained in the section of 
this chapter relating thereto. 

Considering the a.c. end first, this has its stator winding 
arranged in the usual manner, in accordance with the 
number of phases in the sujjply system, so as to produce 
a rotating field when energised. The rotor, of the same 
number of poles as the stator, has its winding dividetl 
into a number of jjhases, usually twelve, sj)aced equally, 
so that as the rotating field sweeps over it e.m.fs. arc 
induced in the successive phases in turn at intervals of 
30 degrees. These twelve phases arc all connected together 
at one end, forming a star, the pressure between any two 
of the free ends of the star then being the resultant of 
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tke e.m.fs. indiiced iathe two phases, having regard to the 
angle of displacement (see vector diagram, Fig. 67 (a)). 

When the stator winding is energised with the rotor 
star thus on open circuit no current will flow in the latter, 
and the frequency of the 12-phase pressures will be equal 
to that of the supply. If, however, the ends of the star are 
joined by resistances forming a 12-phaBe mesh, currents 
will circulate therein, and assuming for the moment that 
the rotor is fixed immovably, and neglecting losses, the 
whole of the energy input to the stator, or primary, will 
reappear in the rotor, or secondary winding, the machine 




Fig. 67. 

then acting siinj)ly as a transformer. With the rotor free 
to move, the interaction between the flux and the rotor 
currents causes it to revolve, ])art of the input now being 
converted into meclianical form. As the rotor runs in 
the same direction as the stator flux the relative motion 
between them is reduced, and the frequency and value of 
the rotor e.m.fs. decreases. 

The machine is now acting as motor and transformer, 
converting its input partly into mechanical and partly 
into electrical form, the proportions in wliich the two 
conversions are carried out depending on the relative 
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speeds of the rotoi and the stator fluz. With the rotor 
at standstill the electrical conversion is a Tnairirmim and 
the mechanical conversion zero. As the rotor speed rises 
the electrical conversion falls off and the mechanical 
conversion increases until, if it were possible for the rotor 
to attain the full speed of the flux, the conditions would be 
the reverse of those at standstill, the whole of the input 
being converted into mechanical form. 

The difference between the speeds of the primary flux 
and the rotor is known as the slip, and is the relative motion 
between the two, the rate of rotation of the flux round the 
rotor being reduced by the motion of the latter in the same 
direction. If the slip in revolutions per second is multiplied 
by the number of pairs of poles in the field the product is 
the slip frequency. This is the frequency of the e.m.fs. 
induced in the rotor, and it will be clear that with the rotor 
stationary the slip is equal to the stator flux speed, and the 
slip frequency will equal that of the supply, while as the 
rotor speed rises the slip frequency is reduced. 


Thus if /=frequency of supply, 

/fi=frequenoy of slip, 

Pa=number of pairs of poles in stator, 
N=r6VB. per second of rotor, 

/ 

of rotating flux=p^ revs, per second, 

/ 

the slip=^— N 

and multiplying this by Pa we get 

/— »XPa=/s (1) 

It should be noted that as the stator flux is moving faster 
than the rotor, the phase rotation in the rotor windings 
runs in a forward direction, keeping pace with the flux. 
Turning now to the c.c. end, the armature of this 
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machine has tappings corresponding in number per pair 
of poles to the phases in the a.c. rotor. When the machine 
is running with the field magnets excited alternating 
pressures exist between these tappings, with a frequency 
depending on the speed and the number of pairs of poles 
in the field (see Fig. 67 (6)). 

Thus if /c=frequenoy at c.c. end, 

Pc=number of pairs of poles at c.c. end, 

N=revs. per second of armature, 

/c=NxPc (2) 

Both a.c. and c.c. ends, therefore, produce a 12-phase 
group of pressures having this difference, that as the speed 
rises the frequency from the a.c. end falls, while that from 
the c.c. end increases. At a certain speed the two fre- 
quencies become equal, and provided that the intercon- 
nections are correctly arranged and the pressures equal, 
the two windings, on rotor and armature, may be connected 
together. The interconnections must be so disposed that 
the phase rotation runs in opposite directions in each 
machine. That is, taking eacli grouj) of pressures 
separately and ignoring the other, the phase rotation 
produced in the c.c. armature by the rotor pressmes must 
run backwards, while the ])liase rotation produced in the 
rotor windings by tlie c.c. armature pressures must run 
forwards with resj)ect to tlie rotation of the machine. 
Then wlien the two frequencies are equal, the motion 
of the armature keei)s tlie phase rotation therein stationary 
with respect to the field, while the forward phase rotation 
in the a.c. rotor has added to it the rotational speed of 
the machine, thus being kept in steji with the primary 
field. 

The frequency of the rotor pressures being that of slip, 
the frecpiency of the c.c. end must also be that of slip for 
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synoliioiusm, and tlie speed at wMci. this oconis depends on 
the nnmbeis of poles in the two machines. 

Thus for synchronism /s=/c; using the expressions found 
above for these two frequencies, 

/-NxPa=NxPc . . (1) and (2) 

/=N(Pa+Pc) 

/ 

^""Pa+Pc .... (3) 

Therefore the speed in revs, per second at which the 
frequencies of both ends are equal is found by dividing the 
supply frequency by the sum of the pairs of poles in the 
two machines. It can be seen from equation (3) that if 
both ends have the same number of poles the speed of the 
rotor win be half that of the rotating field, and the rotor 
frequency will be one-half that of the supply. 

The question of the actual means employed in practice 
for starting and synchronising is dealt with later ; we go 
on now to consider the action of the machine when syn- 
chronism has been obtained. 

• If the machine were running in synchronism and with 
absolutely no losses, the alternating pressures from both 
ends would be exactly in opposition and no current would 
flow in the rotor system ; there would therefore be no 
torque at either end. Actually, of course, there are 
frictional and other losses to be met so that the rotor tends 
to drop from synchronous speed, and as a change in speed 
affects the two frequencies in opposite ways, the pressure 
from the a.c. end advances in phase while that from the 
c.c. end lags. The resultant pressure thereupon arising 
produces a current in the rotor circuits and this creates 
a motoring torque, not only in the c.c. end, but also in the 
a.c. end. The losses are tiien met by the a.c. end acting 
partly as induction motor, and partly as transformer 
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Buppl3diig energy to the c.c. end which operates as a 
synchronous naotor. In addition, energy may be. taken 
from the c.c. terminals of the machine, the c.c. end then 
acting partly as rotary converter, and partly as c.c. 
generator driven by the induction motor. 

It will be observed that owing to the difEerential action 
of a change of speed on the relationship between the two 
pressures, the variation required to bring about a given 
effect is much less than would be the case in an ordinary 
synchronous motor. This is an important feature of the 
motor converter, it being practically impossible for -these 
machines to lose synchronism, no matter how violent the 
load changes -to which they may be subjected. 

Ratio of Mechanical and Electrical Conversions. — 
With a given supply frequency the speed of the rotor 
when the two ends are in synchronism depends on the total 
number of poles in the two machines, but the proportion 
in which the primary input is converted into mechanical 
and electrical form in the rotor depends, with a given 
total number of poles, on the relation between the number 
of poles in each machine. 

At synchronous speed the slip -will depend on the number 
of pairs of poles in the a.c. end, and by making these a 
greater or lesser proportion of the total number, the ratio 
of electrical and mechanical conversion may be varied. 
The more nearly the rotor speed approaches that of the 
stator flux (that is, the smaller the slip) the greater is the 
proportion of the total input which is converted mechani- 
cally. With a given rotor speed, these become more nearly 
ec^ual the larger the number of poles in the stator. There- 
fore, with a given total number of pairs of poles and supply 
frequency, the amount of the total input which is converted 
into mechanical energy is proportional to the number of 
])airs of poles in the a.c. end. 
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rotor speed Pa+Po Pa 
stator flux speed _ / Pa+Po 
Pa" 

meoliamcal conversion 
~ total input 

Tlie greater the difference between tbe rotor speed and 
that of the flux, that is, the more nearly the slip frequency 
approaches the supply frequency, the greater the pro- 
portion of the input which is converted into electrical 
energy in the rotor. With a given rotor speed the slip 
frequency, which equals the frequency at the o.c. end, is 
proportional to the number of poles at that end. There- 
fore, with a given supply frequency and total number of 
pairs of poles, the energy converted electrically is propor- 
tional to the number of pairs of poles in the o.c. end. 

/s=rotor speed X Pc 
/xPc 

slip frequency __Pa+Pc_ Pc 
supply frequency / Pa+Pc 

electrical conversion 

total input 

In both the foregoing expressions the internal losses in 
the machine have been ignored. 

Pressures and Currents in Rotor and Armature. — 
The windings of the rotor and armature must be designed 
to produce pressures having equal values, as they are 
to be connected together. Moreover, these pressures will 
have a fixed relation to the continuous pressure required 
from the machine, as in the rotary converter. 

Considering first of aH the relation between rotor and 
armature pressures, it is to be noted that the rotor windings 


Thus 

and 
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afe connected in star, while the armature is a mesh. The 
pressure between two adjacent tappings in the armature 
will be that due to one phase of the mesh ; the corre- 
sponding pressure in the rotor, or that between two points 
of the star, will be the resultant of the e.m.fs. induced 
in two star phases with a displacement of 30 degrees 
relative to the star point, and therefore of 30 — 180= 
160 degrees when considered in series. This resultant 
win have a value of 0‘618 of the pressure due to one star 
phase alone, or conversely, the star phase pressure will 
be 1‘93 times the mesh pressure. 

In the c.c. armature the pressure between tappings 
180 degrees apart wiU equal 0‘707 of the pressure between 
commutator brushes, and this will be twice that of one 
phase of the rotor star. The star-phase pressure will 
therefore be 0*364 of the continuous pressure, and 0*618 
of this, or 0*183, will be the value of the mesh pressure 
in terms of that on the commutator. These values are 
tabulated herewith in terms of each other. 


E,„«.a=0*618E,,,,=0*183E, 

E,^, =1*93E,„,,=0*354E, 

E,..„. =3*86E,,,«, =2*0E,,„,=0*707E, 


The current in the rotor for a given output from tlic 
c.c. side depends, of course, on the ratio of electrical 
conversion. Neglecting los.ses, the watts input or output 
Pc 

multiplied by will give the watts in the rotor 

system. Dividing this by 12 gives the watts per pliase, 
and again by the star pressiue gives the ciurent per phase 
in the rotor, which is the same as the current per tapping 
at the c.c. end. Each tapping carries the current from two 
of the armature phases 30 degrees ajiart, and as maxima 
in a common direction in the armature phases arc in 
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opposite directions in the tappings, the tappi^ng current is 
the resultant of two currents with 30—180 degrees, or 130 
degrees between them. The phase current is therefore 
1*93 times the current in the tapping, or conversel 7 , the 
latter is 0*618 time the former. 


Considering the watts in the rotor from the c.c. end, 
dividing by 12 gives the watts per phase of the mesh, and 
again by the mesh pressure (0*183 time the continuous 
pressure) gives the current per phase in the armature. 
The tapping current is equal to 0*618 of the mesh current, 
and this is the current per phase in the rotor star. 

If the electrical input to the c.c. end were equal to the 
output (as in a 12-phase rotary converter) the current 
per tapping would equal 0*236 of the continuous current. 
In the motor converter the electrical input to the c.c. end 

Pc 

is always less than the output in the ratio - — — , so that 

if Ic be the continuous current, the current per tapping 

wul be equal to — assummg the power factor 

in the rotor to be unity, which is not always the case. 

Power Factor and Pressure Regulation.— As the c.c. 
end is running as a synchronous machine its power factor 
depends on the field excitation. The current may be made 
to lead or lag by increasing or decreasing the field current, 
and this will react on the supply to the primary, or stator, 
of the a.c. end. The latter acting as a transformer will 


have the power factor of the primary dependent on that 
of the secondary, or rotor, and therefore may be made to 
take its energy from the supply at unity, or even leading 
power factor by suitably increasing the excitation at the 


c.c. end. If the rotor currents were exactly in phase with 
the pressure the primary current would stiU lag, on accoimt 
of the magnetising component required for the rotating 
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fluz. By making the rotor current lead, however, the 
ma^etisation can be wholly maintained from the o.c. 
end, and the power factor of the a.c. input raised to unity 
or leading. 

Such variation of the field steength, of course, affects 
the continuous pressure, and in general, it may be said that 
for any given value of the latt^ the power factor is fixed 
by the design. For lighting service machines are usually 
designed for unity power factor at full load, while com- 
pounded machines for traction work give unity at three- 
quarters load, and a leading power factor at full load. 

The continuous pressure of a motor converter may be 
varied over a much wider range by field regulation than 
is possible with the rotary converter without unduly lower- 
ing the power factor of the supply. This arises from the 
fact that in the motor converter the electrical energy in 
the rotor is less than the total load on the machine ; the 
increase in the kVA consequent on a change in the power 
factor m the rotor being thus smaller than would otherwise 
be the case. For example, in a motor converter with equal 
numbers of poles at both ends, the electrical energy in the 
rotor is one-half of the total input to the stator. A lower- 
ing of the power factor to 0’8 means an increase of the 
kVA in the rotor by 26 per cent., but this is only 12 J per 
cent, of the total input. A given variation in the power 
factor of the c.c. end produces, therefore, only one-half of 
the effect on the a.c. input that would be caused by a 
similar variation in a rotary converter. 

The current on thd a.c. side of the armature being smaller 
than woidd be required for the full input if in electrical 
form, the armature heating will be affected to a lesser extent 
by low-power factor. Furthermore, the effect on the field 
flux of the armature reaction due to current displacement 
is less ; therefore there is a greater total effect produced 
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on tke pressure generated by tbe macbine. Thus, for a 
given field variation, the effect on the power factor of the 
supply is less, and the change in the pressure generated 
is greater, than would be the case with a rotary converter. 
It will be evident that the smaller the proportion of the 
total input which is converted into electrical form in the 

Pc 

rotor, that is, the smaller the value of , the greater 

Pa+Pc 

the range of pressure control at the c.c. end for a given 
variation of power factor in the supply. 

Por the reasons outlined above motor converters require 
no additional apparatus to facilitate control of the con- 
tinuous pressure, it being possible to get a variation up 
to 40 per cent, of the normal, in suitably designed machines, 
by simple field regulation. 

The characteristics of shunt-excited motor converters 


are slightly drooping, so that they run quite stably in 
parallel •with each other, or with rotary converters or c.c. 
generators. When compounded, equalising connections 
must, of course, be provided exactly as with compounded 
machines of other types. 

Starting and Synchronising. — The most convenient 
a.c. arrangement for s'fcarting the motor converter, and tlie 
method always ■used, is to make the interconnections 
be'tween rotor and arma'ture of a permanent nature and 
to disconnect the rotor phases at the star pomt. This is 
done by bringing the inner ends of the twelve phases to 
a set of contacts which may be opened or closed by hand 
while the machine is running. When the star point is 
thus opened no current can flow in the •windings, and the 
machine would be unable to start itself. Three of 
the phases, however, spaced 120 degrees apart, have their 
inner ends connected to shprings also, the brushes on 
which are connected to a variable 3-phase resistance. 


k 
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AVlieii the supply is switched on to the stator, currents 
circulate through the rotor and armature windings and 
the resistances, and the machine starts up as an induction 
motor, the speed being controlled by the amount of 
resistance in circuit. 

The field circuit of the c.c. end is permanently con- 
nected to the machine terminals, and when the speed 
has risen slightly above synchronism, the pressure in 
the armature is allowed to bmld up, and combining with 
the rotor pressure, produces a resultant which pulsates at 
a rate equal to the difEerence between the two frequencies. 
This pulsation is shown on the voltmeter connected 
across the starting resistance, owing to the varying current 
therein. The set then be^ns to slow down, reducing the 
difference between the frequencies, the pulsations of the 
voltmeter getting slower as synchronism is approached. 
The resistances are short-circuited by closing a switch, 
at a moment when the slow swinging of the voltmeter 
shows nearly equal frequencies, and the bottom of a swing 
f)hiise opposition of the pressures. Cutting out the 
resistances thus allows the full synchronising torque to 
come into [)lny at any attempt to depart from synchronism, 
and the speed is kept at that value at which the fre- 
<piencies of rotor and armature pressures are equal, by the 
interaction of the armature eurreut and the c.c. field. The 
short-circuiting tlevice is then closed, completing tlie star 
of twelve ])hases, after which the brushes may be lifted 
from the sliprings unless these are required for carrying 
the out-of-balance current from a 3-wire c.c. system. 

Tl’he starting resistance and field regulator usually have 
marked positions found by the makers on test, which 
allow of the speed rising above synchronism before pulling 
down again. The oi)erator has then only to close the 
main a.c. switch and wait until the correct moment for 



226 EOTABY AND MOTOR CONVERTERS 


short-circuiting the resistances, as shown hy the volt- 
meter. 

In the self-synchxoniamg arrangement reactances are 
connected between the leads from the shprings and con- 
trolled by a switch. As the machine approaches syn- 
chronous speed the reactances are switched in, and a larger 
current flowing in the rotor and armature brings the c.c. 
end into synchronism. 

When starting up from the c.c. side the star point of 
the rotor windings is kept open rmtil the set is under way, 
to avoid current circulating in the rotor windings and so 
increasing the input at starting. As the speed rises 
alternating pressures are impressed on the rotor windings 
by the back e.m.f. of the armature, and on the star point 
being closed currents flow in the rotor, producing a rotating 
field. As explained earlier, the inter-connections are so 
arranged that the pressures generated by the c.c. end 
produce forward phase rotation in the rotor windings of 
the a.c. end. The speed of the phase rotation relative to 
the rotor will be equal to the frequency of the armature 
pressures divided by the number of pairs of poles in the 
a.c. end, or 

NxPo 

Pa 

This rotation being in a forwards direction will have 
added to it the speed of rotation of the rotor, so that the 
actual speed of the rotating field in the rotor relative to 
the stator will be equal to 

N X Pc , ^^^ ^(Pg+Pc) 

Pa Pa 

This rotating field sweeping the stator windings will 
induce therein pressures having a frequency equal to the 
product of field speed and the number of pairs of poles 


THE MOTOR CONVERTER 227 

in tlie stator, or \iji is the frequency of the induced pressures 

X Pa=N(Pa+Pc) 

ird 

Thus the frequency of the pressures induced in the a.c. 
stator is equal to that of a synchronous alternator having 
the same number of pairs of poles as the two ends of the 
converter combined. It will be observed that when the 
induced frequency equals that of the supply, N equals 
the speed at which the pressures in rotor and armature 
come into synchronism in starting up from the a.c. end (see 
equation (3) above). 

Paralleling between the stator pressures and the a.c. 
system is carried out by means of ordinary synchronising 
apparatus. 

Inverted Running. — If the machine is paralleled with 
other generating plant on both aides, the direction in which 
the transference of energy takes place depends on the 
pressure generated in the c.c. end and the phase relation- 
ship of converter and impressed pressures at the a.c. end. 
Assuming the conditions to be sucli tliat tlie losses are 
met by exactly equal inputs on both sides, the niacliine 
will operate as c.c. motor i)lus synchronous motor at the 
c.c. end, and as induction motor ])lus transformer at tlio 
a.c. end. If the c.c. field is streiigfhened the increased 
back e.m.f. reduces the c.c. input, tlie speed drops and 
the pressure lags on the a.c. side, which tliereupon has its 
input increased. Further increase of field strength pro- 
duces a load current in the armature, so causing increased 
input to the a.c. side to produce the extra tonpio required 
to maint^iin synchronous siieed. 

Weakening the c.c. field, on the other hand, by 
increasing the c.c. input advances the iiressme on the a.c. 
side, so picking up load from the a.c. system. The c.c. 
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end acts as inverted rotary converter supplying energy 
to the rotor, which thus becomes the primary of the a.o. 
end, the stator windings now being the secondary. The 
currents in the stator being in the same direction as the 
induced pressure, a torq[ue is created which opposes the 
relative motion between stator and rotor, so producing a 
load torq^ue on the latter. The a.c. end therefore acts as 
an a.c. generator as well as a transformer, and a mechanical 
load is thereby imposed on the c.c. end, which acts as motor 
in addition to rotary converter. 

The energy converted electrically is again proportional 
to the rotor frequency and therefore, with a given rotor 
speed, to the number of pairs of poles in the c.c. end, while 
the mechanical conversion is proportional to the number of 
pairs of poles in the a.c. end, as in “ straight ” running. 

3-wire Balancing — For the purpose of balancing a 
3-wire c.c. system the middle wire is taken to the star 
point of the rotor windings by means of the sliprings used 
for the starting phases. This star point is at a potential 
midway between that of the commutator brushes exactly 
as the middle point of a balancing transformer or power 
transformer used for the same purpose. The middle wire 
^■(■.oimection may be seen in !Fig. 66. 
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